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Franz, Jason R. (Ph.D., Integrative Physiology) 
The Effects of Age on the Muscular Actions and Biomechanics of Uphill and Downhill Walking 
Thesis directed by Associate Professor Rodger Kram 
 
My dissertation is based on the overarching hypothesis that uphill and downhill walking 
are far more challenging than level walking for old adults and thus represent critical barriers to 
their independence and quality of life. In a series of five experiments/analyses, I studied the 
muscular actions and biomechanics of uphill and downhill walking in young and old adults to 
understand the factors that underlie the loss of uphill and downhill walking ability with age. 
My first objective was to understand how advanced age affects the muscular actions of 
uphill and downhill walking. In my first two studies, I determined which muscle recruitment 
strategies young adults employ to walk uphill and downhill across a range of speeds and also 
showed that: 1) a disproportionate recruitment of hip vs. ankle muscles leads to gluteus maximus 
(a hip extensor) activity approaching the maximum isometric capacity of old adults at steep 
uphill grades and 2) neural changes with advanced age contribute notably more than muscle 
weakness to this reliance on hip muscles.  
My second objective was to understand how advanced age affects the biomechanics of 
uphill and downhill walking. In my third study, I discovered that, in contrast to level walking and 
akin to a 4-wheel drive automobile, both the leading and trailing legs of young adults contribute 
progressively more to power generation with steeper uphill grade and to power absorption with 
steeper downhill grade. In my fourth study, I found that old adults exhibit impaired trailing leg 
propulsive function compared to young adults walking at the same speed during both level and 
uphill walking. Old adults compensate by performing greater positive work than young adults 
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during the subsequent single support phase. Finally, in my fifth study, I used motion analysis and 
inverse dynamics techniques to quantify ankle, knee, and hip joint kinetics (moments and 
powers) and gained joint-level insights into the age-related muscular limitations restricting uphill 
walking ability in old adults.  
Overall, my findings point to specific targets (e.g., propulsive forces) for biomechanical 
interventions that might improve the uphill and downhill walking ability of old adults, and thus 
enhance their quality of life. 
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CHAPTER ONE: 
 
 
INTRODUCTION 
 
 
Walking uphill and downhill can be challenging for community-dwelling old adults. 
However, at the onset of my dissertation research, no published study had investigated the 
muscular actions or biomechanics of uphill and downhill walking in old adults. Indeed, very little 
was known about uphill and downhill walking even in young adults. In this chapter, I will briefly 
review what is known about the muscular actions and biomechanics of level, uphill, and 
downhill walking in young adults, discuss several age-related changes relevant to the uphill and 
downhill walking ability of old adults, and outline the overall objectives of my dissertation 
research. 
1.1 Muscular actions during level, uphill, and downhill walking 
Many researchers have used electromyographic (EMG) techniques to generally 
investigate muscle activation patterns (Basmajian and De Luca 1985, Nilsson et al. 1985, den 
Otter et al. 2004, Cappellini et al. 2006) and, more recently, the muscular contributions to 
specific tasks when walking over level ground (Gottschall and Kram 2003, Gottschall and Kram 
2005, McGowan et al. 2009, Neptune et al. 2009). Below, I provide a synopsis of this literature. 
During early stance, hip and knee extensor muscles are active and contribute to supporting body 
weight during level walking. During mid- to late stance, the ankle extensors (plantarflexors) 
provide weight support, contribute to forward propulsion, and initiate leg swing. The rectus 
femoris (a hip flexor and knee extensor) and the iliopsoas (a hip flexor) are also active during 
late stance and help to initiate swing. The tibialis anterior (an ankle dorsiflexor) facilitates toe 
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clearance during mid-swing, and then eccentrically controls extension of the ankle as the foot 
lowers during early stance. Finally, the hamstring muscles (hip extensors and knee flexors) are 
active during late swing and early stance to decelerate the leg prior to foot contact and increase 
the mechanical energy of the leg in early stance. When walking faster over level ground, the 
normalized temporal patterns of leg muscle activity remain fairly stable but with increasing 
amplitudes (Nilsson et al. 1985, den Otter et al. 2004, Cappellini et al. 2006). 
Compared to level walking, uphill and downhill walking require that the leg muscles also 
act to overall raise and lower the center of mass (CoM). However, only a handful of studies have 
investigated these muscle actions (Tokuhiro et al. 1985, Patla 1986, Arendt-Nielsen et al. 1991, 
Leroux et al. 1999, Lay et al. 2007, Wall-Scheffler et al. 2010). Further, most of these studies 
examined only a single, self-selected walking speed or extremely steep uphill and downhill 
grades. For example, in the most comprehensive of these studies, Lay et al. (2007) reported the 
leg muscle activation patterns of young adults walking uphill and downhill at a self-selected 
speed and ±21.3° (i.e., ±39%) grade. This grade is more than four times as steep as that permitted 
by the Americans with Disabilities Act (4.8°; i.e, 8.3%) and equivalent to an advanced black 
diamond alpine ski slope. Those data showed that ankle, knee, and hip extensor muscle 
activations increased to walk uphill, but only the knee extensor muscle activations increased to 
walk downhill. This suggests that muscles acting to extend the ankle, knee, and hip joints are 
responsible for raising the CoM during uphill walking and that muscles acting to eccentrically 
control knee flexion, rather than hip or ankle flexion, are responsible for lowering the CoM 
during downhill walking. Ultimately, the role of muscles in walking, whether over level ground 
or uphill and downhill, is to generate force and perform positive and/or negative work to 
maintain forward, upward and/or downward progression of the CoM. However, it remained 
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unclear which muscle recruitment strategies occur generally over a range of walking speeds, at 
more moderate and typical grades and if these strategies are different in old adults. 
1.2 Biomechanics during level, uphill, and downhill walking 
During level walking at a steady velocity, the CoM rises and falls, decelerates and 
accelerates within each step.  Fortunately, leg muscles do not need to perform all of the 
mechanical work necessary for these movements. Instead, walking is characterized mechanically 
as an inverted pendulum, involving an exchange between kinetic energy (KE) and gravitational 
potential energy (GPE) of the CoM (Cavagna and Margaria 1966, Cavagna et al. 1976, Cavagna 
and Kaneko 1977, Farley and Ferris 1998). During the first half of stance, KE decreases and is 
converted into GPE as the CoM rises to its maximum height at midstance. Then, during the 
second half of stance, GPE decreases and is converted into KE as the CoM falls. This energy 
exchange  mechanism is important to minimize the chemical energy input required in walking 
(Cavagna and Margaria 1966, Cavagna et al. 1977).  
 The total mechanical energy of the CoM (Etot) at each point in time during walking equals 
the sum of the instantaneous GPE and KE. Although the pendulum-like exchange of GPE and 
KE reduces the need for muscles to perform external work, as Cavagna and Margaria (1966) 
observed “the transformation of one form of energy into the other is never complete, and external 
work must be performed [by contracting muscles] at each step to maintain a continuous 
performance.” An increase in Etot, either by increasing GPE or KE, requires the performance of 
positive external work (    
 ), whereas a decrease in Etot requires the performance of negative 
external work (    
 ). The performance of external work during walking is composed of the 
work performed against gravity (the product of body weight by the vertical displacement of the 
CoM) and the work associated with inertial forces (due largely to CoM velocity fluctuations 
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within a step) (Cotes and Meade 1960, Cavagna et al. 1963, Cavagna and Margaria 1966). When 
walking on level ground, no net change in Etot occurs and thus humans perform essentially equal 
amounts of    
  and    
  (Cavagna et al. 1963, Cavagna and Margaria 1966, Cavagna et al. 
1976). 
  Cavagna et al. (1963, 1966, 1976) identified two phases of the step cycle during which 
    
  is performed: 1) during forward propulsion of the CoM and 2) during vertical lifting of the 
CoM. However, these classic studies calculated external mechanical work either by using 
accelerometers or by measuring the resultant external force exerted by both feet on the ground. 
These traditional measures ignore the simultaneous    
  and    
  performed by the trailing and 
leading legs during double support, and thus underestimate the performance of mechanical work 
(Alexander 1980, Donelan et al. 2002). Donelan et al. (2002) substantiated the importance of this 
simultaneous work, and found one-third greater mechanical work during the stance phase of 
level walking than that calculated using the combined forces from both legs. The simultaneous 
performance of    
  and    
  during double support is consistent with the first phase of the step 
cycle identified by Cavagna et al. (1963, 1966, 1976), although these earlier researchers 
underestimated the contribution. Neptune et al. (2004) sought to add further insight by using 
musculoskeletal simulations to characterize the net mechanical work output of leg muscles.  
Consistent with the second phase of the step cycle identified by Cavagna et al. (1963, 1966, 
1976), Neptune and colleagues calculated that in addition to the double support phase, 
considerable mechanical work is performed to raise the CoM when walking over level ground 
(Neptune et al. 2004). However, the results of these simulations should be received cautiously, as 
they are based on assumptions which have yet to be thoroughly validated and, in some cases, 
conflict with experimental data (Kuo and Donelan 2009).  
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Margaria (1938) pioneered the estimation of mechanical work during uphill and downhill 
walking. However, due to the lack of adequate technology at the time, he estimated mechanical 
work as simply the minimum change in GPE required to raise or lower the CoM with each step. 
Cotes and Meade (1960) employed a similar method by recording the vertical trajectory of a 
subject’s waist. These studies demonstrated that, as one would expect, humans perform net    
  
to walk uphill and net    
  to walk downhill. Thirty years passed before Minetti et al. (1993) 
estimated mechanical work during uphill and downhill walking using the total energy change of 
the CoM and reported and characterized the partitioning of    
  and    
  (Minetti et al. 1993). 
Minetti et al. (1993) discovered a slope range (~ -5.7° to 5.7°) where the total mechanical work 
performed is greater than the minimum required to raise or lower the CoM. At the onset of my 
dissertation research, this constituted our understanding of the performance of mechanical work 
during uphill and downhill walking. Thus, there was an obvious opportunity to quantify the 
simultaneous mechanical work performed by the individual legs to perhaps better understand the 
biomechanics of uphill and downhill walking.  
1.3 Age-related changes relevant to uphill and downhill walking ability 
Advanced age (65+ years) brings biomechanical changes that negatively affect walking 
ability, independence, and quality of life. An abundant literature describes how these age-related 
changes manifest during level walking; old adults often walk slower, take shorter, wider steps, 
and recruit leg muscles differently than young adults (Oberg et al. 1993, Judge et al. 1996, Prince 
et al. 1997, Schmitz et al. 2009). While many people can walk over level ground into very old 
age, uphill and downhill walking can be exceedingly challenging for community-dwelling old 
adults. However, the effects of age on the muscular actions and biomechanics of uphill and 
downhill walking have surprisingly received almost no attention. Several pervasive age-related 
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changes in the muscular actions and biomechanics of walking may ultimately limit the uphill 
and/or downhill walking ability of old adults.  
 First, old adults exhibit sarcopenia, a decrease in skeletal muscle mass with age (Enoka 
2008). Greater than 50% of adults over 80 years of age exhibit clinically significant declines in 
muscle mass (> 20-40%), lipid infiltration of muscle tissue, and increased connective tissue 
concentration (fibrosis) (Baumgartner et al. 1998, Enoka 2008). Moreover, the isometric specific 
tension (force per unit of physiological cross-sectional area of contractile tissue) of muscle 
declines in old vs. young adults, indicating that advanced age brings a reduction in the intrinsic 
force-generating capacity of muscle tissue (Macaluso et al. 2002). This compounds the effects of 
reduced muscle mass and the increased concentration of intramuscular noncontractile tissue on 
muscular weakness in old adults. Neuromuscular adaptations with age also contribute to 
muscular weakness and include a reduction in the number of motor units, the maximum motor 
neuron firing rates, and the integrity of the neuromuscular junction, which bring reduced agonist 
muscle activity (Tracy 2007, Clark and Fielding 2011). Also, an increase in antagonist 
coactivation with age (described in more detail below) contributes to a reduction in the 
maximum net muscle moment produced about the leg joints of old vs. young adults (Macaluso et 
al. 2002). How sarcopenia and muscular weakness influence the uphill and downhill walking 
ability of old adults has yet to be studied. For example, the knee extensor muscles (quadriceps) 
perform a central role in controlling knee flexion and lowering the body’s center of mass (CoM) 
with each step during downhill walking (Lay et al. 2007). It is possible that knee extensor muscle 
atrophy and weakness in old adults (Trappe et al. 2001) may limit their ability to successfully 
walk downhill. 
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 Second, old adults exhibit a distal to proximal redistribution of leg muscle recruitment 
during the stance phase of level walking (Judge et al. 1996, DeVita and Hortobagyi 2000, 
Kerrigan et al. 2000, Savelburg et al. 2007, Cofre et al. 2011). Old adults rely less on ankle 
extensor muscles (e.g., gastrocnemius and soleus) and more on hip flexor (e.g., iliopsoas) and/or 
extensor (e.g., gluteus maximus and biceps femoris) muscles than young adults. The extent to 
which distal muscle weakness vs. altered neurological function underlie this age-related change 
in muscle recruitment remains unresolved. Beyond isolated strength measures, old adults exhibit 
reduced ankle mechanical power generation and thus reduced trailing leg propulsive function 
during level walking compared to young adults walking at the same speed (Ortega and Farley 
2007, Hernandez et al. 2009). Together, hip muscle reliance, reduced trailing leg propulsion, and 
leg muscle weakness in old adults are likely to compromise their ability to successfully walk 
uphill.  
Finally, old adults perform a variety of tasks, including walking, with a greater 
coactivation of antagonist muscles. For example, when walking over level ground, Hortobagyi et 
al. (2009) found that thigh and shank antagonist muscle coactivations were, on average, 83% 
greater in old vs. young adults. Researchers commonly speculate that old adults employ greater 
antagonist coactivation to increase joint stiffness and thereby aid in their responding to a trip or 
fall (e.g., (Finley et al. 2012). Only a single study has investigated how uphill and downhill 
walking affect the greater antagonist coactivation in old vs. young adults. Hortobagyi et al. 
(2011) found that modest uphill or downhill grades (± 3.4°; i.e., ± 6%) had little to no influence 
on the greater antagonist coactivation in old vs. young adults. However, such a modest grade 
may not reflect the muscular challenges posed by steeper grades encountered while walking in 
many communities. Even the Americans with Disabilities Act permits ramps of 4.8° (i.e., 8.3%). 
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A fear of slipping and/or falling during steeper downhill walking in particular may cause a 
disparate increase in the coactivation of antagonist leg muscle pairs in old adults 
1.4 Overall dissertation objectives 
 The two objectives of my dissertation research were to understand how advanced 
age affects 1) the muscular actions and 2) the biomechanics of uphill and downhill walking. In a 
series of five experiments/analyses, I sought to identify the factors that underlie the loss of uphill 
and downhill walking ability with age. In study one (Chapter Two), published in the journal Gait 
& Posture, I quantified leg extensor muscle activations during the stance phase of level, uphill, 
and downhill walking at various speeds in young adults (Franz and Kram 2012). In study two 
(Chapter Three), also published in Gait & Posture, I investigated the effects of age on leg muscle 
activity and antagonist muscle coactivity during level, uphill, and downhill walking (Franz and 
Kram In press (a)). In study three (Chapter Four), published in the Journal of Biomechanics, I 
quantified the mechanical work performed by the individual legs of young adults during level, 
uphill, and downhill walking (Franz et al. 2012). In study four (Chapter Five), also published in 
the Journal of Biomechanics, I investigated how advanced age affects individual leg mechanics 
during level, uphill, and downhill walking. Finally, in study five (Chapter Six), I investigated 
how advanced age affects sagittal plane ankle, knee, and hip joint moments and powers during 
level and uphill walking. Together, these studies have expanded our understanding of how young 
and old people walk uphill and downhill. Further, these studies have identified specific targets 
for biomechanical interventions that might improve the uphill and downhill walking ability of 
old adults, and thus enhance their quality of life. 
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CHAPTER TWO: 
 
THE EFFECTS OF GRADE AND SPEED ON LEG MUSCLE ACTIVATIONS DURING 
WALKING 
 
2.1 Abstract 
 
Compared to level walking, additional muscle actions are required to raise and lower the 
center of mass during uphill and downhill walking, respectively. However, it remains unclear 
which muscle recruitment strategies are employed at typical grades when walking over a range 
of speeds. Based on previous reports, we hypothesized that, across a range of walking speeds, 
hip, knee, and ankle extensor muscle activations increase with steeper uphill grade, but only knee 
extensor muscle activations increase with steeper downhill grade. We also hypothesized that 
these changes in muscle activations with grade become more pronounced with faster walking 
speed. To test these hypotheses, ten young adult subjects (5M/5F) walked on a standard treadmill 
at seven grades (0, ±3, ±6, and ±9°) and three speeds (0.75, 1.25, and 1.75 m∙s-1). We quantified 
the stance phase electromyographic activities of the gluteus maximus (GMAX), biceps femoris 
(BF), rectus femoris (RF), vastus medialis (VM), medial gastrocnemius (MG), and soleus (SOL) 
muscles. On average, compared to level walking, hip (BF: 635%, GMAX: 345%), knee (RF: 
165%, VM: 366%), and ankle (MG: 175%, SOL: 136%) extensor muscle activities increased to 
walk up 9°, but only knee (RF: 310%, VM: 246%) extensor muscle activities increased to walk 
down 9°. Further, these changes in muscle activations with grade became greater with faster 
walking speed. We conclude that people employ distinct uphill (hip, knee, and ankle extensors) 
and downhill (knee extensors) muscle recruitment strategies generally across walking speeds and 
progressively with steeper grade. 
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2.2 Introduction 
The ability to appropriately recruit leg muscles in response to changes in the environment 
is fundamental to the control of human locomotion. For example, many of our daily activities 
routinely include walking up and down hills which involve very different biomechanics (Lay et 
al. 2006, McIntosh et al. 2006). Electromyographic (EMG) recordings can provide insight into 
how the neuromuscular system makes these adjustments. A handful of studies have investigated 
muscle activations during uphill or downhill walking and have provided important insight into 
the muscle recruitment strategies employed  (Tokuhiro et al. 1985, Patla 1986, Arendt-Nielsen et 
al. 1991, Leroux et al. 1999, Lay et al. 2007). However, most have done so at a single, self-
selected walking speed, and recent evidence also suggests that faster walking speeds elicit 
greater increases in thigh muscle activations with steeper uphill grade (Wall-Scheffler et al. 
2010). We sought to build upon these studies to obtain a more comprehensive understanding of 
how leg muscle activations change when walking up and downhill over a range of walking 
speeds. 
 The major leg muscles are most active during the stance phase of walking (Basmajian 
and De Luca 1985), when they perform work on the center of mass and support body weight. 
Compared to level walking, additional muscle actions are required to raise and lower the center 
of mass during uphill and downhill walking, respectively. Lay and colleagues (Lay et al. 2007) 
recorded leg muscle EMG signals for walking at extreme uphill and downhill grades (21.3°).  
They surmised that the leg extensor muscles in particular meet these demands presumably 
through greater concentric activity to walk uphill and greater eccentric activity to walk downhill 
(though see (Lichtwark and Wilson 2006)). More specifically, Lay et al. (Lay et al. 2007) 
reported that when walking at the same speed, hip, knee, and ankle (plantarflexor) extensor 
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muscle activations increased during uphill walking, but only the knee extensor muscle 
activations increased during downhill walking. However, it remains unclear whether such muscle 
recruitment strategies occur generally over a range of walking speeds, and/or at more moderate 
and typical grades. 
 When walking faster over level ground, the normalized temporal patterns of leg muscle 
activity remain fairly stable but with increasing amplitudes (Murray et al. 1984, Nilsson et al. 
1985, Hof et al. 2002, den Otter et al. 2004, Cappellini et al. 2006). Is this also the case when 
walking up or downhill?  Recently, Wall-Scheffler et al. (Wall-Scheffler et al. 2010) found that 
stance phase quadriceps muscle activity increased during uphill walking to a greater extent when 
walking faster. This finding demonstrates an interaction between grade and walking speed for 
muscles of the thigh when walking uphill, but it is not known if the same trend generally occurs 
in other leg muscles during both uphill and downhill walking. A more comprehensive 
understanding of how leg muscle activations change with grade and speed could help guide the 
development of therapies aimed at improving the quality of life and maintaining the 
independence of people with walking ability limitations due to injury, disease, or aging (e.g. (Liu 
and Fielding 2011). A first step in this direction is to establish these muscle activation patterns 
for healthy, young adults.  
The purpose of our study was to quantify leg extensor muscle activations during the 
stance phase of level, uphill, and downhill walking at various speeds. We hypothesized that over 
a range of walking speeds, compared to level walking, 1. hip, knee, and ankle extensor muscle 
activations would increase with steeper uphill grade, but 2. only knee extensor muscle 
activations would increase with steeper downhill grade. We also hypothesized that, 3. the 
changes in muscle activations with grade would become more pronounced with faster walking 
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speed. To test these hypotheses, we recorded leg extensor muscle activations while subjects 
walked on a treadmill on the level, at a range of uphill and downhill grades, and at various 
speeds. 
2.3 Methods 
Subjects 
Ten young adults (5F/5M) volunteered for this study (mean ± standard deviation, age: 
25.3 ± 3.9 years; height: 1.73 ± 0.10 m; mass: 69.2 ± 13.1 kg). All subjects were experienced 
treadmill users and had no known neuromuscular, cardiovascular, and orthopedic diseases. Each 
subject gave written informed consent before participating as per the University of Colorado 
Institutional Review Board. 
Experimental Protocol 
Subjects walked on a classic motorized treadmill (model 18-60, Quinton Instruments, 
Seattle, WA) set to 1.25 m∙s-1 and level for 5 min prior to testing. We modified this treadmill to 
provide calibrated, digital electronic readouts for velocity and grade. Subjects then completed 21, 
one-minute walking trials at seven grades (0, ±3, ±6, and ±9°) and three speeds (0.75, 1.25, and 
1.75 m∙s-1). Grade-speed combinations were conducted in an individualized random order for 
each subject. We recorded EMG and temporal stride kinematics during the final 15 s of each 
trial. 
Measurement and Data Analysis 
We recorded surface electromyographic (EMG) signals at 2000 Hz from the following 
muscles of the right leg: gluteus maximus (GMAX), biceps femoris (BF), rectus femoris (RF), 
vastus medialis (VM), medial gastrocnemius (MG), and soleus (SOL). After preparing the 
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shaved skin with fine sandpaper and alcohol, we placed pre-amplified single differential 
electrodes (Trigno, Delsys, Inc., Boston MA) over the muscle bellies according to 
recommendations of Cram and Kasman (Cram and Kasman 1998). We verified electrode 
position and signal quality by visually inspecting the EMG signals while subjects contracted 
each instrumented muscle. To synchronize EMG signals to the timing of gait cycle events, we 
detected heelstrikes and toe-offs with pressure sensitive insoles worn in the subject’s right shoe, 
sampled at 1000Hz (B&L Engineering, Tustin, CA). We employed a threshold of 5% of the peak 
insole voltage during stance to identify each heelstrike and toe-off.  
We used a custom script written in MATLAB (MathWorks, Inc., Natick, MA) to process 
the EMG data. The Delsys hardware automatically bandpass filtered all EMG signals (20 – 450 
Hz). We defined baseline muscle activity as two standard deviations above the activity observed 
while the subjects relaxed in a supine position. The MATLAB script full-wave rectified and 
normalized the EMG data to the mean amplitudes over a complete stride of level walking at 1.25 
m∙s-1. This script interpolated the normalized and rectified EMG data to obtain 1001 data points 
corresponding to the gait cycle (right heel-strike to right heel-strike). For each subject, we then 
computed the mean normalized EMG activity during specific portions of the stance phase for 
each experimental condition. Corresponding to the primary EMG bursts during stance, we 
calculated these means from heelstrike to midstance for GMAX, BF, RF, and VM and from 
midstance to toe-off for MG and SOL. We visually confirmed that these temporal boundaries 
included the primary stance phase EMG bursts for each muscle across all walking speeds and 
grades. The timing of gait cycle events obtained from the pressure sensitive insole provided the 
average stride frequency (SF) and stance time (tstance). 
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Statistical Analysis 
We calculated mean values of stride frequency, stance time, and all EMG measures over 
eight consecutive strides. A two-factor (grade × speed) analysis of variance (ANOVA) for 
repeated measures tested for significant effects of grade and speed (p<0.05). When a significant 
main effect or grade-speed interaction was found, we performed post-hoc comparisons with a 
Bonferroni adjusted level of significance for the six dependent EMG variables and two 
dependent kinematic variables (0.05/8, p<0.0063). Post-hoc comparisons were focused between 
level and all uphill and downhill walking conditions and between walking speeds. 
2.4 Results 
As expected, stance phase muscle activity amplitudes generally increased with faster 
walking speed for all grades tested (Figures 2.1-2.3). Also, as walking speed increased, subjects 
took progressively faster strides, and spent less time in stance (Table 2.1, p<0.0063). Figures 
2.1-2.3 display the mean EMG values and example EMG profiles across all conditions for 
muscles acting to extend the hip, knee, and ankle, respectively. All muscles showed significant 
grade and speed effects, and all muscles except GMAX showed significant grade-speed 
interactions (p<0.05).  
Uphill Walking 
Stance phase hip, knee, and ankle extensor muscle activities progressively increased with 
steeper uphill grade for all the walking speeds tested (p<0.05, Figures 2.1-2.3). Post-hoc 
comparisons revealed that, compared to level walking, these increases were statistically 
significant at all uphill grades for MG, at grades steeper than 3° for GMAX, BF, VM, and SOL, 
and steeper than 6° for RF (p<0.0063). All significant grade-speed interactions except that for 
RF showed that the increases in muscle activities with steeper uphill grade became progressively 
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greater with faster walking speed. Compared to level walking, stride frequency (p = 0.03, 0.08, 
0.83) and tstance (p = 0.15, 0.08, 0.82 for 3, 6, 9°, respectively) were not significantly different for 
uphill walking.  
Downhill Walking 
For all the walking speeds tested, only the stance phase knee extensor muscle activities 
(RF and VM) increased with steeper downhill grade (p<0.05, Figure 2.2). Compared to level 
walking, activity increased significantly at downhill grades steeper than 3° for RF and steeper 
than 6° for VM (p < 0.0063). Significant grade-speed interactions revealed that the increases in 
RF and VM activities with steeper downhill grade were progressively greater at faster walking 
speeds. Across the walking speeds tested, activity was significantly reduced at all downhill 
grades for MG and grades steeper than 3° for SOL (p < 0.0063). GMAX and BF activities for 
downhill walking were not different from level walking. Compared to level walking, subjects 
took progressively faster strides at all downhill grades, and spent less time in stance at grades 
steeper than 3° (p<0.0063). 
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Figure 2.1. Mean (SE) EMG signals for muscles acting to extend the hip during the first half of 
stance normalized to the mean activity during level walking at 1.25 m/s (Mean ± SE). 
Representative rectified EMG data are also provided for a single stride of one subject walking 
at 1.25 m/s
 
on the level, uphill (+9°), and downhill (-9°), each on the same scale. Note: 1.25 
and 1.75 m/s
 
points are shifted slightly to the right for clarity.  
* Significantly different from level walking across speeds according to post-hoc comparisons 
with Bonferroni adjusted level of significance (p < 0.0063). 
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Figure 2.2. Mean (SE) EMG signals for muscles acting to extend the knee during the first half 
of stance normalized to the mean activity during level walking at 1.25 m/s. Representative 
rectified EMG data are also provided for a single stride of one subject walking at 1.25 m/s
 
on 
the level, uphill (+9°), and downhill (-9°), each on the same scale. Note: 1.25 and 1.75 m/s
 
points are shifted slightly to the right for clarity. 
* Significantly different from level walking across speeds according to post-hoc comparisons 
with Bonferroni adjusted level of significance (p < 0.0063). 
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Figure 2.3. Mean (SE) EMG signals for muscles acting to extend the ankle during the second half 
of stance normalized to the mean activity during level walking at 1.25 m/s. Representative 
rectified EMG data are also provided for a single stride of one subject walking at 1.25 m/s
 
on the 
level, uphill (+9°), and downhill (-9°), each on the same scale. Note: 1.25 and 1.75 m/s
 
points are 
shifted slightly to the right for clarity.  
* Significantly different from level walking across speeds according to post-hoc comparisons 
with Bonferroni adjusted level of significance (p < 0.0063). 
   
 
1
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Table 2.1. Mean (SE) stride frequency and stance time during uphill and downhill walking over a range of speeds. 
      Downhill       Uphill   
  Speed (m∙s-1) -9° -6° -3° 0° 3° 6° 9° 
    * * *         
SF (Hz)
 †
 0.75 0.85 (0.01) 0.83 (0.01) 0.79 (0.01) 0.74 (0.01) 0.71 (0.02) 0.70 (0.02) 0.73 (0.02) 
  1.25 0.99 (0.01) 0.98 (0.01) 0.95 (0.01) 0.93 (0.01) 0.91 (0.01) 0.91 (0.02) 0.92 (0.01) 
  1.75 1.10 (0.02) 1.08 (0.02) 1.06 (0.02) 1.05 (0.01) 1.05 (0.01) 1.06 (0.02) 1.07 (0.02) 
    * *           
tstance (s) 
†
 0.75 0.72 (0.04) 0.73 (0.05) 0.78 (0.06) 0.82 (0.04) 0.86 (0.07) 0.89 (0.09) 0.83 (0.08) 
  1.25 0.60 (0.04) 0.62 (0.04) 0.64 (0.04) 0.64 (0.03) 0.66 (0.04) 0.65 (0.05) 0.65 (0.04) 
  1.75 0.52 (0.02) 0.55 (0.04) 0.56 (0.02) 0.56 (0.02) 0.55 (0.03) 0.57 (0.05) 0.55 (0.05) 
 
SF = Stride frequency; tstance = Stance time. Compared to level walking, subjects took progressively faster strides at all downhill 
grades, and spent less time in stance at downhill grades steeper than 3° (p<0.0063). These stride parameters were not significantly 
different when walking uphill. Asterisks (*) indicate significantly different from level walking.  
† Significant main effect of speed. 
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2.5 Discussion 
This study quantified leg extensor muscle activations during the stance phase of level, 
uphill, and downhill walking over a range of speeds. Compared to level walking, hip, knee, and 
ankle extensor muscle activations increased to walk uphill but only knee extensor muscle 
activations increased to walk downhill. This study expands upon our understanding of muscle 
activities during uphill and downhill walking to show that these muscle recruitment strategies 
occur generally over a range of walking speeds and progressively with steeper grades 
representative of those routinely encountered in daily activities. For those grades and speeds 
which coincide with previous studies, we found general agreement between our EMG data and 
published findings (Murray et al. 1984, Nilsson et al. 1985, Arendt-Nielsen et al. 1991, Hof et al. 
2002, den Otter et al. 2004, Lay et al. 2007, Wall-Scheffler et al. 2010). 
 First, we accept our hypothesis that hip, knee, and ankle extensor muscle activations 
would increase with steeper uphill grade across a range of walking speeds. Consistent with prior 
reports for extremely steep uphill grades (Lay et al. 2007), muscles acting to extend the hip, 
knee, and ankle joints all contribute to raising the body’s center of mass when walking uphill. In 
the present study, compared to level walking, hip extensor muscle activities increased 
considerably more (GMAX: 345%, BF: 635%) to walk up 9° than those of the ankle extensors 
(SOL: 136%, MG: 175%). This finding suggests a pronounced role of proximal extensor muscles 
to walk uphill, and is consistent with biomechanical studies that demonstrate the greatest 
increases in extensor moments and power generation when walking uphill occur at the hip (Lay 
et al. 2006, McIntosh et al. 2006). Our results may have important implications for elderly adults, 
who preferentially recruit hip extensor muscles even during level walking (DeVita and 
Hortobagyi 2000, Monaco et al. 2009). Monaco et al. (Monaco et al. 2009)  have proposed that 
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this age-related change in muscle recruitment is a compensation for decreased ankle extension 
strength. Such a hip-reliant recruitment strategy may be inadequate to meet the demands of 
uphill walking. 
 Second, we accept our hypothesis that only knee extensor muscle activations would 
increase with steeper downhill grade across a range of walking speeds. Thus, even at a fast 
walking speed, only the muscles acting to control flexion of the knee contribute to lowering the 
body’s CoM when walking downhill. On average, compared to level walking, the 310% increase 
in RF activity to walk down 9° was comparable to the 246% increase of VM. This recruitment 
strategy, which differs substantially from that adopted to walking uphill, occurs consistently 
across speed and, as shown by Lay et al. (Lay et al. 2007), even at extreme downhill grades. 
These results suggest that downhill walking may be particularly challenging for individuals 
suffering from quadriceps muscle atrophy and knee extension weakness (e.g. (Trappe et al. 
2001)). 
 Many researchers have shown that leg extensor muscle activations increase when 
walking faster over level ground (Murray et al. 1984, Nilsson et al. 1985, Hof et al. 2002, den 
Otter et al. 2004, Cappellini et al. 2006). Our study demonstrates that a similar trend generally 
occurs when walking faster at various uphill and downhill grades. Moreover, our results support 
our third hypothesis, that the changes in muscle recruitment that occur during uphill or downhill 
walking would become more pronounced at faster speeds. Consistent with previous studies of 
level walking (Hof et al. 2002, den Otter et al. 2004, Cappellini et al. 2006), these findings 
suggest that rather than altering the muscle recruitment strategies adopted to walk uphill or 
downhill, faster walking speeds act to increase the “gains” of these strategies. 
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 In general, the pairs of extensor muscles investigated at each leg joint responded similarly 
to changes in grade and walking speed. However, we did observe several notable differences. At 
the ankle, MG activity increased considerably more with steeper uphill grade than SOL activity 
except when walking very slowly (1.25 m∙s-1: 217% vs. 116%, 1.75 m∙s-1: 141% vs. 84%). Thus, 
at typical walking speeds, MG may play a more important role than SOL to raise the CoM when 
walking uphill. It is also possible that the biarticular MG is used to stabilize the knee during 
uphill walking. Although the two knee extensors responded similarly when walking downhill, we 
observed on average a much more pronounced increase in VM activity (366%) compared to RF 
activity (165%) with steeper uphill grade. Compared to the biarticular RF, people may recruit the 
VM, a uniarticular knee extensor, to a greater extent to more selectively extend the knee during 
the first half of stance when walking uphill. Finally, compared to slower walking speeds, 
walking at 1.75 m∙s-1 appeared to elicit greater GMAX activity when walking downhill (figure 
2.1). A secondary statistical comparison revealed that at each downhill grade, GMAX activity 
was significantly greater at 1.75 m∙s-1 than at 0.75 m∙s-1 or 1.25 m∙s-1 (p<0.004). This greater 
activity may be necessary when walking quickly downhill to control hip flexing during initial 
stance. 
 In the present study, we used EMG techniques to obtain insight into the strategies 
adopted by the neuromuscular system to walk uphill and downhill over a range of speeds. 
However, one limitation of our study is that the mechanical behavior of muscle-tendon 
complexes cannot be directly inferred from EMG data alone. The actions of the biarticular BF, 
RF, and MG are particularly difficult to resolve. For example, intuitively we might expect that 
the increase in ankle extensor muscle activity when walking uphill reflects an increase in 
concentric action of the medial gastrocnemius (MG). However, Lichtwark and Wilson 
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(Lichtwark and Wilson 2006), using ultrasound techniques, demonstrated that the MG fascicles 
generate force nearly isometrically when walking at moderate uphill and downhill grades (5.7°). 
Further, in addition to raising or lowering the body’s CoM, individual leg extensor muscles 
likely perform multiple tasks when walking up or downhill which can be difficult to discern. For 
example, when walking over level ground, MG contributes to forward propulsion, swing 
initiation, and supporting body weight (McGowan et al. 2009). Future studies might better 
characterize muscular contributions to walking uphill and downhill by using musculoskeletal 
simulations (e.g. (Delp et al. 2007)). Finally, our findings are limited to healthy young adults and 
may not reflect the muscle recruitment strategies adopted by people with a variety of walking 
challenges (e.g., injury, disease, or aging).  
In this study we investigated the effects of grade and speed on leg muscle activations 
during walking in healthy young adults. We conclude that hip, knee, and ankle extensor muscle 
activations increase to walk uphill but only knee extensor muscle activations increase to walk 
downhill. People employ these distinct strategies generally across walking speeds and 
progressively with steeper grade. Future studies could determine whether these muscle 
recruitment strategies are impaired in people with walking ability limitations due to injury, 
disease, or aging, for whom uphill and downhill walking can represent critical barriers to 
functional independence. 
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CHAPTER THREE: 
 
HOW DOES AGE AFFECT LEG MUSCLE ACTIVITY/COACTIVITY DURING 
UPHILL AND DOWNHILL WALKING? 
 
3.1 Abstract 
Walking uphill and downhill can be challenging for community-dwelling old adults. We 
investigated the effects of age on leg muscle activity amplitudes and timing during level, uphill, 
and downhill walking. We hypothesized that old adults would exhibit smaller increases in ankle 
extensor muscle activities and greater increases in hip extensor muscle activities compared to 
young adults during uphill vs. level walking. We also hypothesized that, compared to level 
walking, antagonist leg muscle coactivation would be disproportionately greater in old vs. young 
adults during downhill walking. Ten old (72 ± 5 yrs) and ten young (25 ± 4 yrs) subjects walked 
at 1.25 m/s on a treadmill at seven grades (0, ±3, ±6, ±9°). We quantified the stance phase 
electromyographic activities of the gluteus maximus (GMAX), biceps femoris (BF), rectus 
femoris (RF), vastus medialis (VM), medial gastrocnemius (MG), soleus (SOL), and tibialis 
anterior (TA). Old adults exhibited smaller increases in MG activity with steeper uphill grade 
than young adults (e.g., +136% vs. +174% at 9°). A disproportionate recruitment of hip muscles 
led to GMAX activity approaching the maximum isometric capacity of these active old adults at 
steep uphill grades (e.g., old vs. young, 73% MVC vs. 33% MVC at +9°). Neither uphill nor 
downhill walking affected the greater coactivation of antagonist muscles in old vs. young adults.  
We conclude that the disproportionate recruitment of hip muscles with advanced age may have 
critical implications for maintaining independent mobility in old adults, particularly at steeper 
uphill grades. 
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3.2 Introduction 
Walking uphill and downhill can be challenging for community-dwelling old adults. 
During level walking, old adults alter their gait patterns; they often walk more slowly, take 
shorter, wider steps, and recruit leg muscles differently than young adults (Oberg et al. 1993, 
Prince et al. 1997, Schmitz et al. 2009). However, little is known about how old adults walk up 
or down hills. Here, we recorded the electromyographic (EMG) activities of leg muscles to 
investigate how advanced age affects leg muscle recruitment during uphill and downhill walking. 
Advanced age may bring changes in muscle recruitment that uniquely compromise uphill or 
downhill walking ability in old adults. 
Compared to young adults, even active and healthy old adults exhibit a distal to proximal 
redistribution of leg muscle recruitment during the stance phase of level walking (DeVita and 
Hortobagyi 2000, Savelburg et al. 2007, Schmitz et al. 2009, Cofre et al. 2011). Old adults rely 
less on ankle extensor muscles (e.g., gastrocnemius and soleus) and more on hip flexor (e.g., 
iliopsoas) and extensor (e.g., gluteus maximus and biceps femoris) muscles than young adults. It 
is possible that distal muscle weakness contributes to this greater reliance on hip muscles. 
Indeed, Christ et al. (Christ et al. 1992) showed that the ankle extensor muscles of women 
exhibited greater declines in isometric force production with advanced age than other muscle 
groups. For young adults, uphill walking involves a significantly greater recruitment of hip, 
knee, and ankle extensor muscles than level walking (Lay et al. 2007, Franz and Kram 2012). 
Consequently, ankle extensor muscle weakness could especially limit uphill walking ability in 
old adults.  
Alternatively, neural modifications with advanced age could beget hip muscle reliance, 
independent of muscle strength. Consistent with this premise, Schmitz et al. (2009) showed that 
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old adults rely more on hip muscles during level walking at their preferred walking speed despite 
being able to significantly increase ankle extensor muscle activity at a modestly faster speed 
(mean increase, 0.26 m/s). It is not clear how much of the redistribution of leg muscle 
recruitment in old adults can be attributed to muscle weakness vs. neural mechanisms. However, 
even if due to neural changes alone, it is possible that hip muscle reliance in old adults is 
inadequate to meet the challenges posed by uphill walking. Thus, the markedly greater 
concentric demand placed on leg extensor muscles during uphill walking is most concerning for 
the maintenance of independent mobility in old adults. 
Further, although not expected to limit their mobility, coactivation of antagonist muscle 
pairs may be disproportionately greater in old vs. young adults during uphill or downhill 
walking. Old adults demonstrate greater antagonist leg muscle coactivation than young adults 
during level walking (Mian et al. 2006, Hortobagyi et al. 2009, Peterson and Martin 2010, 
Hortobagyi et al. 2011). Many suspect that antagonist coactivation increases leg joint stiffness 
and may thereby aid in responding to a trip or fall (e.g., (Finley et al. 2012)). Hortobagyi et al. 
(2011) found that modest uphill or downhill grades (± 3.4°; i.e., ± 6%) had little to no influence 
on the greater antagonist coactivation in old vs. young adults. However, such a modest grade 
may not reflect the muscular challenges posed by steeper grades encountered while walking in 
many communities. Even the Americans with Disabilities Act permits ramps of 4.8° (i.e, 8.3%). 
A fear of slipping and/or falling during downhill walking in particular may cause a disparate 
increase in the coactivation of antagonist leg muscle pairs in old adults (Bentley and Haslam 
1998, Redfern et al. 2001).  
We investigated the effects of age on leg muscle activity during level, uphill, and 
downhill walking. We reasoned that due to the greater concentric demand on leg extensor 
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muscles during the stance phase, uphill walking would exacerbate the disproportionate 
recruitment of hip muscles in old adults. Thus, we hypothesized that old adults would exhibit 
smaller increases in ankle extensor muscle activities and greater increases in hip extensor muscle 
activities compared to young adults during uphill vs. level walking. We also hypothesized that, 
compared to level walking, antagonist leg muscle coactivation would be disproportionately 
greater in old vs. young adults during downhill walking. We quantified the timing of leg muscle 
activity to complement our primary measures of amplitude and coactivation in evaluating these 
hypotheses.  
3.3 Methods 
Subjects 
 10 old adults (6F/4M, mean ± standard deviation, age: 72 ± 5 yrs, height: 1.70 ± 0.10 m, 
mass: 65.0 ± 13.3 kg) and 10 young adults (5F/5M, age: 25 ± 4 yrs, height: 1.73 ± 0.10 m, mass: 
69.2 ± 13.1 kg) gave written informed consent as per the University of Colorado IRB. All 
subjects were healthy and exercised regularly. We recruited old adults from local senior 
mountain hiking and cycling groups. Subjects completed a health questionnaire based upon 
recommendations by the American College of Sports Medicine (2006). Exclusion criteria were: 
BMI≥30, sedentary lifestyle, coronary artery disease, cigarette smoking, high blood pressure, 
high cholesterol, diabetes or prediabetes, orthopedic or neurological condition, or medication that 
causes dizziness. All subjects scored at the highest possible mobility on the Short Physical 
Performance Battery (SPPB) and we found no difference in preferred level-ground walking 
speed in old vs. young adults (1.49 ± 0.14 m/s vs. 1.46 ± 0.14 m/s, p = 0.59). 
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Experimental Protocol 
 Subjects walked for 5 min at 1.25 m/s on a level, motorized treadmill (model 18-60, 
Quinton Instruments, Seattle, WA) with custom calibrated, digital electronic readouts for 
velocity and grade. Subjects then walked at 1.25 m/s for 1 min at each of seven grades (0°, ±3°, 
±6°, ±9°; i.e., 5.2%, 10.5%, 15.8%) in randomized order. Finally, we collected a series of 
maximum voluntary contractions (MVCs), described in detail below.  
Data Collection 
After preparing the shaved skin with alcohol and fine sandpaper, we placed single 
differential electrodes with wireless pre-amplifiers (Trigno, Delsys, Inc., Boston, MA) over the 
following muscles of each subjects’ right leg according to Cram and Kasman (Cram and Kasman 
1998): gluteus maximus (GMAX), biceps femoris (BF), rectus femoris (RF), vastus medialis 
(VM), medial gastrocnemius (MG), soleus (SOL), and tibialis anterior (TA). We verified 
electrode positions and signal quality by visually inspecting the EMG signals, sampled at 
2000Hz, while subjects contracted each instrumented muscle. Subjects also wore a pressure-
sensitive insole in their right shoe (B&L Engineering, Tustin, CA) which we sampled at 1000 Hz 
and in synchrony with the EMG signals.  We recorded all data during the final 15 s of each 1 min 
trial.  
Subjects completed a series of MVCs to establish each muscle’s maximum isometric 
capacity against manual resistance as follows: GMAX (while lying prone and the leg extended), 
BF (while lying prone and the knee flexed to 90°), RF and VM, MG and SOL, and TA (all three 
while seated and the knee and ankle flexed to 90°) (Cram and Kasman 1998). We verbally 
encouraged subjects to gradually reach a maximal effort over 3 seconds and to sustain that effort 
for 3 seconds. A 30 s rest period separated two repetitions for each MVC. For a subset of 
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participants (9 old and 7 young), we recorded the maximum isometric force (N/kg) produced 
during the hip and knee extensor MVCs using a handheld dynamometer (Chatillon MSE-100, 
Ametek, Inc., Largo, FL). We did not measure isometric force during the ankle extensor MVC 
because, unlike hip and knee extension, handheld dynamometry provides unreliable measures of 
ankle extension strength (Arnold et al. 2010). Finally, we calculated subjects’ preferred walking 
speed as the average of two times taken to traverse the middle 10 m of a 30 m walkway at a 
normal, comfortable speed. 
Data Analysis 
A MATLAB script (Mathworks, Inc, Natick, MA) processed all data. The Delsys 
hardware bandpass filtered the EMG signals (20-450 Hz).  We utilized the raw young adult data 
from our study published previously (Franz and Kram 2012), which we reanalyzed together with 
the old adult data as follows. We defined a muscle’s baseline activity as a multiple of the 
standard deviation above the activity observed while subjects relaxed in a supine position. This 
multiple (mean, 1.5) ensured a muscle’s activity during the average level walking gait cycle 
reached an “off” state within an appropriate window established by the literature (e.g., (Schmitz 
et al. 2009)). Using the above criteria, we omitted GMAX data for two old adults. We full-wave 
rectified and normalized the EMG signals using two common methods: 1) to the mean 
amplitudes over a complete stride during level walking and 2) to the MVCs.  
We synchronized EMG signals to the timing of heel-strikes and toe-offs identified from 
the insole voltage signal. A 5% of peak voltage threshold identified the timing of the stance 
phase, and provided each subject’s average stride frequency (SF) and stance time (tstance). We 
interpolated the EMG signals to obtain 1001 data points corresponding to the right leg gait cycle. 
Corresponding to the primary EMG bursts during stance, we computed subjects’ mean 
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normalized EMG activity from heel-strike to midstance for GMAX, BF, VM, RF, and TA and 
from midstance to toe-off for MG and SOL. We also manually identified EMG activity onset and 
offset times to within 0.1% of the gait cycle from each muscle’s 10 Hz linear envelope. 
We calculated coactivation indices (CI) for agonist-antagonist muscle pairs of the thigh 
(RF and BF, VM and BF) and lower leg (MG and TA, SOL and TA) from each muscles’ 10Hz 
linear envelope over an average gait cycle (Falconer and Winter 1985, Peterson and Martin 
2010): 
 
   (         )    
∫   (         )
∫   (         )   ∫   (         )
          ( ) 
 
where min and max refer to the minimum and maximum of the two EMG linear envelopes, 
respectively, at each instant of the gait cycle. 
Statistical Analysis 
We calculated mean values of SF, tstance, and all EMG variables over seven consecutive 
strides per condition. An analysis of variance (ANOVA) for repeated measures tested for 
significant effects of age and grade with a p<0.05 criterion. Post-hoc pairwise comparisons 
evaluated significant main effects of grade with planned contrasts between level and all uphill 
and downhill grades. When a significant main effect of age was found, we performed 
independent-samples t-tests to determine at which grade(s) the differences occurred.  
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3.4 Results 
EMG Amplitude and Timing 
Independent of normalization method, stance phase hip, knee, and ankle extensor muscle 
activities increased significantly and progressively with steeper uphill grade for both old and 
young adults. However, old adults exhibited significantly smaller increases in MG activity with 
steeper uphill grade than young adults (Figure 3.1). Compared to level walking, MG activity 
increased by 136% to walk up 9° in old adults but by 174% in young adults. Old adults also 
exhibited greater than twice the relative GMAX activity of young adults at all grades, and 
approached their maximum GMAX isometric capacity at steep uphill grades (Figure 3.2).  
We observed no significant effect of age on leg muscle activity amplitudes during 
downhill walking. For both old and young adults, only knee extensor muscle activities increased 
significantly and progressively with steeper downhill grade, independent of normalization 
method (Figures 3.1-3.2). Old adults exhibited earlier MG activity onset and prolonged TA 
activity offset compared to young adults, but this was significant only during level walking 
(Figure 3.3).  
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Figure 3.1. Mean (SE) stance phase EMG signals for old and young adults normalized to the 
mean amplitudes over a complete stride during level walking. We include p-values for the main 
effects of age and grade. TA activity exhibited no significant effects of age or grade, and thus is 
not shown. Single asterisks (*) indicate significant differences between old and young adults. 
Double asterisks (**) indicate significantly different from level walking. p<0.05 significant. 
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Figure 3.2. Mean (SE) stance phase EMG signals for old and young adults normalized to each 
muscle’s maximum voluntary contractions. We include p-values for the main effects of age and 
grade. TA activity exhibited no significant effects of age or grade, and thus is not shown. Single 
asterisks (*) indicate significant differences between old and young adults. Double asterisks (**) 
indicate significantly different from level walking. p<0.05 significant. 
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Figure 3.3. Horizontal bars 
indicate mean (SE) timing of 
muscle activities for old and young 
adults during level, uphill (+9°), 
and downhill (-9°) walking. A 
subset of subjects exhibited an RF 
peak near toe-off, which we show 
in gray and did not evaluate 
statistically. Old adults exhibited a 
significantly earlier MG onset and 
a delayed TA offset compared to 
young adults. Double asterisks 
(**) indicate significantly different 
from level walking. p<0.05 
significant. 
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Antagonist Muscle Coactivation 
Old adults exhibited significantly greater coactivation of antagonist lower leg muscles 
compared to young adults (Figure 3.4). Antagonist lower leg muscle coactivation increased 
significantly and progressively with steeper downhill grade (e.g., +55% and +106% for CIMG,TA 
and CISOL,TA at -9°, respectively), but similarly in old vs. young adults (CIMG,TA: from 20.1% at 
0° to 28.2% at -9° vs. from 6.9% at 0° to 13.5% at -9°; CISOL,TA: from 11.2% at 0° to 20.7% at -
9° vs. from 4.8% at 0° to 12.3% at -9°). Antagonist thigh muscle coactivation did not differ 
between old and young adults, but increased significantly and progressively with steeper uphill 
grade (e.g., +38% and +75% for CIRF,BF and CIVM,BF at 9°, respectively) and decreased 
significantly and progressively with steeper downhill grade (e.g., -31% for CIVM,BF at -9°).  
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Figure 3.4. Mean (SE) coactivation of antagonist thigh and lower leg muscles in old and young 
adults. We include p-values for the main effects of age and grade. Single asterisks (*) indicate 
significant differences between old and young adults. Double asterisks (**) indicate 
significantly different from level walking. p<0.05 significant. 
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Kinematics and Isometric Strength 
Old adults took 11% faster strides than young adults during uphill walking (Table 3.1). 
Compared to level walking, both old and young adults took progressively faster strides and spent 
less time in stance on steeper downhill grades. Old adults demonstrated significantly weaker 
maximum isometric strength for the hip and knee extensor muscle groups compared to young 
adults (hip extensors: 1.49 ± 0.43 N/kg vs. 2.36 ± 0.50 N/kg, p=0.003; knee extensors: 3.11 ± 
1.05 N/kg vs. 4.47 ± 1.34 N/kg, p=0.046). 
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Table 3.1. Mean (SE) stride frequency and stance time.         
      Downhill       Uphill   
    -9° -6° -3° 0° 3° 6° 9° 
    ** ** **         
SF (Hz) Old 1.07 (0.04) 1.04 (0.04) 1.03 (0.04) 
1.00 
(0.03) 
1.01 
(0.03)* 
1.00 
(0.04)* 
1.03 
(0.03)* 
  Young 0.99 (0.01) 0.98 (0.01) 0.95 (0.01) 
0.93 
(0.01) 
0.91 
(0.01) 
0.91 
(0.02) 
0.92 
(0.01) 
    **             
tstance (s) Old 0.58 (0.03) 0.59 (0.03) 0.60 (0.02) 
0.61 
(0.03) 
0.61 
(0.03) 
0.61 
(0.02) 
0.60 
(0.03) 
  Young 0.60 (0.04) 0.62 (0.04) 0.64 (0.04) 
0.64 
(0.03) 
0.66 
(0.04) 
0.65 
(0.05) 
0.65 
(0.04) 
SF: stride frequency, tstance: stance time. Asterisks (*) indicate significant differences between 
old and young adults. Double Asterisks (**) indicate significantly different from level walking.   
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3.5 Discussion 
In this study, we quantified leg muscle activities in old and young adults to investigate 
how advanced age affects leg muscle recruitment during uphill and downhill walking. Both old 
and young adults employed the same general muscle recruitment strategies during uphill walking 
(greater recruitment of hip, knee, and ankle extensor muscles) and downhill walking (only 
greater recruitment of knee extensor muscles). The durations of muscle activities largely 
mirrored these changes in amplitude. However, we discovered several notable and significant 
age-related differences in muscle recruitment that may reflect compromised walking ability in 
old adults. 
As hypothesized, old adults exhibited smaller increases in MG activity and a strong trend 
toward smaller increases in SOL activity than young adults with steeper uphill grade. However, 
old adults did not compensate for these larger ankle muscle deficits during uphill walking by 
further exploiting hip muscles as expected. Instead, old adults uniformly demonstrated 
approximately twice the relative recruitment of GMAX at all grades compared to young adults. 
This is consistent with other studies (DeVita and Hortobagyi 2000, Savelburg et al. 2007, 
Schmitz et al. 2009) of level walking. However, GMAX activity during level walking (33% 
MVC) was far below the maximum isometric capacity of old adults.  In contrast, GMAX activity 
approached the maximum isometric capacity of these exceptionally active old adults at steep 
uphill grades (e.g., 73% MVC at +9°). This is particularly significant when compared to young 
adults, for whom GMAX activity only reached 33% MVC at +9°. This finding suggests that the 
disproportionate recruitment of hip muscles may ultimately limit the uphill walking ability of old 
adults. 
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Compared to level walking, downhill walking is often associated with greater movement 
variability indicative of impaired balance and a greater fall risk (Redfern et al. 2001, Hunter et al. 
2010). However, to our surprise, antagonist coactivation of lower leg muscles increased similarly 
in old and young adults during downhill vs. level walking. It is possible that the old adults in this 
study were not representative of those with compromised balance. But, our old adults did exhibit 
greater lower leg antagonist coactivation for all conditions Alternatively, despite a greater risk of 
falling, downhill walking may not be accompanied by greater antagonist coactivation in old vs. 
young adults. Consistent with this possibility, Finley et al. (2012) showed that antagonist lower 
leg muscle coactivation alone cannot adequately increase ankle joint stiffness to recover from an 
unexpected fall.   
Despite several studies (DeVita and Hortobagyi 2000, Savelburg et al. 2007, Schmitz et 
al. 2009, Cofre et al. 2011) demonstrating that old adults disproportionately recruit hip muscles 
during level walking, the mechanism(s) responsible for this apparent redistribution remain 
elusive. Despite their remarkably active lifestyles, old adults in our study exhibited ~30-37% less 
isometric leg strength than young adults. One might deduce that ankle muscle weakness 
contributes to greater hip muscle recruitment in old adults. However, we did not observe 
progressively greater recruitment of GMAX or BF in old vs. young adults to compensate for 
their reduced ankle muscle recruitment with steeper uphill grade. Further, compared to level 
walking, the old adults in this study were able to dramatically increase their ankle extensor 
muscle activities with steeper uphill grade (e.g., +136% and +74% for MG and SOL at +9°, 
respectively). We infer from these data that old adults have a considerable and possibly 
underutilized reserve available for recruiting these muscles during level walking. Thus, our 
findings corroborate the speculation of earlier studies (DeVita and Hortobagyi 2000, Schmitz et 
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al. 2009) that ankle muscle weakness contributes at most only marginally to the 
disproportionately greater recruitment of hip muscles with advanced age.  
Rather than muscle weakness, we propose that modified neural control, from feedback 
(reactive and dependent upon afferent information) to feedforward (predictive and insensitive to 
afferent information), underlies both the greater antagonist coactivation and disproportionate 
recruitment of hip muscles in old adults. Consistent with impaired feedback control, advanced 
age is accompanied by a decline in sensory information, longer reflex latencies, and slower 
maximum rates of muscle force development (Dorfman and Bosley 1979, Thelen et al. 1996, 
Patel et al. 2009, Tseng et al. 2009). The greater coactivation of antagonist muscles in old adults 
is often considered a feedforward strategy to increase joint stiffness and abate the effects of a trip 
or fall (Mian et al. 2006, Osu et al. 2009, Baudry et al. 2010, Peterson and Martin 2010, Finley et 
al. 2012). Although less intuitive, we also suspect a decline in feedback control may contribute to 
the disproportionate recruitment of hip muscles in old adults. Daley et al. (2007) found that 
muscle force regulation in the proximal leg muscles of birds is inherently under far greater 
feedforward control than distal muscles. In that study, an unexpected fall during running elicited 
a large feedback response only from the distal muscles, while proximal muscle output and hip 
kinematics remained the same as unperturbed running (Daley et al. 2007). Studies in other 
animals have revealed that, unlike hip muscles, the magnitude and duration of ankle muscle 
activities largely depend upon afferent feedback (Grillner 1975, Whelan 1996, Pearson et al. 
1998). This evidence suggests that a decline in feedback control is at least one factor affecting 
leg muscle recruitment in old adults.  
There are several limitations of this study. First, our findings are limited to active and 
healthy old adults. Advanced sarcopenia and muscle weakness could more directly affect leg 
43 
  
 
muscle activities and compromise uphill or downhill walking ability in sedentary and/or frail old 
adults. Second, we did not measure hip flexor muscle activity. Cofre et al. (2011) suggested that 
the hip flexors also compensate for reduced ankle extensor function in old adults. However, there 
is little net contribution from the hip flexors during the stance phase of uphill walking (Lay et al. 
2006).  Third, the shorter steps taken by old vs. young adults during uphill walking imply subtle 
age differences in GMAX fiber length changes. However, GMAX activity normalized to 
isometric conditions remains essentially constant over a large range of fiber lengths (Clark et al. 
2007). Thus, these differences are unlikely to contribute to the significantly greater GMAX 
activity observed in old adults. Also, because handheld dynamometry only reliably measures hip 
and knee muscle strength, we cannot exclude a differential loss of ankle muscle strength. Finally, 
the mechanical behavior of muscle-tendon complexes cannot be directly inferred from EMG data 
alone, and can be particularly difficult to resolve for biarticular muscles. Age differences in the 
muscular contributions to uphill and downhill walking may be better characterized using 
musculoskeletal simulations.  
In summary, we find that old adults walk uphill with diminished MG activity and GMAX 
activity that approaches their maximum isometric capacity. Our findings also suggest that neural 
mechanisms contribute notably more than muscle weakness to the reliance on hip muscles in old 
adults. Surprisingly, neither uphill nor downhill walking affected the greater coactivation of 
antagonist muscles in old vs. young adults. We conclude that the disproportionate recruitment of 
hip muscles with advanced age may have critical implications for maintaining independent 
mobility in old adults, particularly at steeper uphill grades. 
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CHAPTER FOUR: 
 
MECHANICAL WORK PERFORMED BY THE INDIVIDUAL LEGS DURING 
UPHILL AND DOWNHILL WALKING 
 
4.1 Abstract 
Previous studies of the mechanical work performed during uphill and downhill walking have 
neglected the simultaneous negative and positive work performed by the leading and trailing legs 
during double support. Our goal was to quantify the mechanical work performed by the 
individual legs across a range of uphill and downhill grades. We hypothesized that during double 
support, 1) with steeper uphill grade, the negative work performed by the leading leg would 
become negligible and the trailing leg would perform progressively greater positive work to raise 
the center of mass (CoM), and 2) with steeper downhill grade, the leading leg would perform 
progressively greater negative work to lower the CoM and the positive work performed by the 
trailing leg would become negligible.  11 healthy young adults (6M/5F, 71.0 ± 12.3 kg) walked 
at 1.25 m/s on a dual-belt force-measuring treadmill at seven grades (0, ±3, ±6, ±9°). We 
collected three-dimensional ground reaction forces (GRFs) and used the individual limbs method 
to calculate the mechanical work performed by each leg. As hypothesized, the trailing leg 
performed progressively greater positive work with steeper uphill grade, and the leading leg 
performed progressively greater negative work with steeper downhill grade (p<0.005). To our 
surprise, unlike level-ground walking, during double support the leading leg performed 
considerable positive work when walking uphill and the trailing leg performed considerable 
negative work when walking downhill (p<0.005). To understand how humans walk uphill and 
downhill, it is important to consider these revealing biomechanical aspects of individual leg 
function and interaction during double support. 
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4.2 Introduction 
The motion of the body’s center of mass (CoM) is well-characterized mechanically as an 
inverted pendulum during the single support phase of level-ground walking (Cavagna et al. 1977, 
Farley and Ferris 1998). This analogy describes the conservative exchange between the kinetic 
and gravitational potential energies of the CoM during single support, requiring little external 
mechanical work from the legs. In contrast, considerable mechanical work must be performed to 
transition from one period of single support to the next (Donelan et al. 2002, Adamczyk and Kuo 
2009). At the end of single support, the CoM velocity is directed downward and forward. During 
double support, the collision of the leading leg with the ground dissipates mechanical energy. 
The trailing leg can replace this dissipated energy by generating mechanical power to restore and 
redirect the CoM velocity upward and forward. Thus, when walking over level-ground, the 
leading and trailing legs respectively perform substantial negative and positive external work 
simultaneously during double support. However, no study to date has investigated the work 
performed by the individual legs during uphill and downhill walking. 
Unlike level walking, humans must perform net positive work to walk uphill and net 
negative work to walk downhill in order to raise or lower the body’s CoM with each step. 
Pioneering studies estimated the net positive or negative work performed from the minimum 
change in potential energy necessary to raise or lower the CoM (Margaria 1938, Cotes and 
Meade 1960). Later, Minetti and colleagues (1993) quantified mechanical work during uphill and 
downhill walking using the total mechanical energy change of the CoM, reporting and 
characterizing positive and negative work during a step. While valuable, these studies employed 
techniques that neglect the simultaneous positive and negative work performed by each of the 
individual legs during double support (Alexander 1980). Donelan et al. (2002) developed the 
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“individual limbs method” (ILM) to quantify this simultaneous mechanical work. In short, the 
ILM computes mechanical work using the velocity of the CoM and the separate forces exerted 
by the leading and trailing legs. Using the ILM, Donelan et al. (2002) found that during level-
ground walking, traditional calculations underestimate mechanical work by ~33%.  
How does the mechanical work performed by the individual legs change to walk uphill or 
downhill? Gottschall and Kram (2006) showed that inverted pendulum exchange of mechanical 
energy is largely preserved during the single support phase of uphill and downhill walking. 
However, we believe that considerable mechanical work must be performed by the individual 
legs during double support. To walk uphill, humans presumably reduce the negative work 
performed by the leading leg and increase the positive work performed by the trailing leg to 
overcome gravity. In contrast, to walk downhill, humans presumably increase the negative work 
performed by the leading leg to resist gravity and decrease the positive work performed by the 
trailing leg. The dominant and distinct functions of the leading and trailing legs (braking and 
propulsion, respectively) could remain the same when walking uphill and downhill. Indeed, other 
studies have demonstrated that uphill walking is characterized by greater peak propulsive and 
smaller peak braking ground reaction forces (GRFs), and downhill walking is characterized by 
greater peak braking and smaller peak propulsive GRFs exerted by the individual legs (Kuster et 
al. 1995, Redfern and DiPasquale 1997, Gottschall and Kram 2006, Lay et al. 2006, McIntosh et 
al. 2006).  
Our goal was to quantify the mechanical work performed by the individual legs during 
uphill and downhill walking at various grades. We hypothesized that during double support, 1) 
with steeper uphill grade, the negative work performed by the leading leg would become 
negligible and the trailing leg would perform progressively greater  positive work to raise the 
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CoM, and 2) with steeper downhill grade, the leading leg would perform progressively greater 
negative work to lower the CoM and the positive work performed by the trailing leg would 
become negligible. To test these hypotheses, we had subjects walk at a steady speed on a dual-
belt, force-measuring treadmill on the level and at a range of uphill and downhill grades.  
4.3 Methods 
Subjects 
Twelve healthy young adults volunteered. All were experienced treadmill users. Subjects 
gave written informed consent before participating as per the University of Colorado Institutional 
Review Board. Because of a measurement error, we successfully collected data for eleven young 
adult subjects (6M/5F, mean ± standard deviation, age: 25.7 ± 4.5 years; height: 1.76 ± 0.10 m; 
mass: 71.0 ± 12.3 kg). 
Experimental Protocol 
Subjects completed experimental sessions on four separate days. At the start of each 
session, subjects walked on a motorized treadmill (model 18-60, Quinton Instruments, Seattle, 
WA) calibrated to 1.25 m∙s-1 and level for five minutes to warm-up. Subjects then walked at 1.25 
m∙s-1 for two minutes on a dual-belt force-measuring treadmill, either level, or both uphill and 
downhill at one of three grades (3°, 6°, 9°; i.e., 5.2%, 10.5%, 15.7%).  
Ground Reaction Forces 
Previously, Gottschall and Kram (2005) mounted one side of our force-measuring 
treadmill (Kram et al. 1998) on custom-made aluminum wedges fixed at 3°, 6°, and 9° to study 
sloped running mechanics. To measure individual foot ground reaction forces (GRF), we 
constructed a second set of these wedges to angle both sides of the treadmill in parallel (Figure 
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4.1). A force platform (ZBP-7124-6-4000; Advanced Mechanical Technology, Inc., Watertown, 
MA) secured under one side of the dual-belt treadmill recorded the GRF components 
perpendicular, parallel, and lateral to the treadmill surface. We reversed the treadmill belt 
velocity to allow subjects to walk uphill and downhill at each determined grade. We recorded 
right leg GRFs while the subjects walked uphill and left leg GRFs while the subjects walked 
downhill.  
We collected 30 seconds of GRF data at 1000 Hz during each walking trial (Motion 
Analysis Corp., Santa Rosa, CA). We digitally filtered the ground reaction forces using a 
recursive fourth-order Butterworth low-pass filter with a cutoff frequency of 20 Hz. We 
determined the timing of gait cycle events (heel-strikes and toe-offs) using a 50-N threshold for 
the perpendicular GRFs and computed the average GRF profiles over 15 consecutive strides per 
condition. Assuming symmetry (Seeley et al. 2008), we phase-shifted the stride averaged GRF 
data by 50% and reversed the polarity of the lateral forces to emulate the forces produced by the 
contralateral leg. The identified gait cycle events provided the average timing of single and 
double support within a stride, and the average stride frequency (SF) and stance time (tstance). 
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Figure 4.1. Dual-belt force measuring treadmill mounted at 9°. A force platform mounted 
under treadmill TM1 recorded the perpendicular, parallel, and lateral components of the 
ground reaction force produced by a single leg. The inner edges of the left and right treadmill 
belts were separated by less than 2 cm. 
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Individual Limb Work 
 To calculate the external mechanical work performed on the CoM by each leg (Donelan 
et al. 2002), we first calculated the instantaneous CoM velocity in each direction (perpendicular, 
parallel, and lateral to the treadmill surface) by integrating the whole body CoM accelerations 
with respect to time and adding integration constants adjusted for hill locomotion (Cavagna 
1975). 
        ∫
             
 
        ( ) 
       ∫
             
 
        ( ) 
       ∫
      
 
       ( ) 
In Eqs. (1) – (3),     is the resultant GRF from both legs,       is the velocity of the CoM, and 
the subscripts z, y, and x denote directions perpendicular, parallel, and lateral to the treadmill 
surface, respectively. Also, θ is the treadmill grade, with uphill grades positive and downhill 
grades negative. We calculated the constants of integration by knowing that the average parallel 
velocity was equal to the nominal treadmill velocity, and that the average perpendicular and 
lateral velocities were zero.  
 We determined individual limb mechanical power as the dot product of the CoM velocity 
and the individual limb GRFs (Donelan et al. 2002). Figure 4.2 displays these mechanical power 
constituents (CoM velocity and GRFs) during level, uphill, and downhill walking.  
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Figure 4.2. Average perpendicular (A) and parallel (B) ground reaction forces (GRFs) and 
center of mass velocities during the stance phase of level, uphill (+9°), and downhill (-9°) 
walking. Vertical dotted lines indicate the instant of trailing leg toe-off. During double 
support, thick lines represent the leading leg GRFs and thin lines represent the trailing leg 
GRFs. 
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We then calculated double support positive (    
 ) and negative (    
 ) individual limb work by 
integrating individual limb power with respect to time, restricting the integral to the intervals 
during double support over which the integrand was positive (POS) or negative (NEG), 
respectively. 
            ⃑        ⃑                                                         ( ) 
           ⃑       ⃑                                                      ( ) 
    
   ∫               
 
   
 ∫             
 
   
    ( ) 
    
   ∫               
 
   
 ∫             
 
   
    ( ) 
In these equations,  ⃑      and  ⃑     are the ground reaction forces produced by the trailing and 
leading legs during double support, respectively.           and          are the double support 
mechanical powers generated/absorbed by the trailing and leading legs, respectively. 
Additionally, we computed positive and negative individual limb mechanical work for single 
support and over a complete step using similar methods but considering also the GRF exerted 
during single support, restricting these integrations to the time intervals of interest. Finally, for 
comparison with prior research (Margaria 1938, Minetti et al. 1993), we calculated the positive 
(    
 ) and negative (    
 ) combined limbs mechanical work by considering only the resultant 
GRF from both legs.  
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Statistical Analysis 
 We calculated mean values of stride frequency, stance time, and all mechanical variables 
over 15 consecutive strides per subject. A repeated measures ANOVA tested for significant main 
effects of grade with a criterion of p<0.05. When a significant main effect was found, we 
performed post-hoc comparisons with a Bonferroni adjusted level of significance (0.05/10 = 
0.005). To assess how uphill and downhill walking differed from level walking,  planned post-
hoc contrasts were focused between level and all uphill and downhill walking conditions. We 
evaluated the difference between individual limbs (    
 ) and combined limbs (    
 ) 
mechanical work performed over a stride at each grade using paired-samples t-tests and a p<0.05 
criterion.  
4.4 Results 
We observed prominent, and progressive shifts in the functions of the individual legs 
with uphill and downhill grade. Our results confirmed that when walking over level ground, the 
leading and trailing legs simultaneously absorb and generate mechanical power during double 
support, respectively (Table 4.1, Figure 4.3). In contrast, the leading and trailing legs both 
contributed progressively more to power generation with steeper uphill grade and to power 
absorption with steeper downhill grade. Stride frequency (p = 0.20, 0.27, 0.64) and stance time 
(p = 0.07, 0.02, 0.17 for +3, +6, +9°, respectively) during uphill walking were not significantly 
different from level walking (Table 4.2). Compared to level walking, subjects took modestly 
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faster strides and spent less time in stance when walking downhill at grades steeper than 3° 
(p<0.005).  
Uphill Walking 
 The negative work performed by the leading leg during double support diminished with 
steeper uphill grade (decreased by 98% at +9°)  and the trailing leg performed 62% greater 
positive work at +9° (      
 : mean ± s.d., 0.21 ± 0.03 at 0° vs. 0.34 ± 0.05 J/kg/step at +9°,  
p<0.005) (Figure 4.4A). Unlike level walking, the leading leg performed considerable positive 
work during double support at each uphill grade (     
 : 0.01 ± 0.01 at 0° vs. 0.14 ± 0.04 
J/kg/step at +9°, p<0.005). In fact, when walking up 9°, the leading leg accounted for 28% of the 
double support positive work. Single support positive work increased progressively from 0.07 ± 
0.03 J/kg/step during level walking to 0.61 ± 0.06 J/kg/step at +9° (p<0.005) (Figure 4.4B). The 
total individual limb positive work performed over a step increased by 276% with steeper uphill 
grade, from 0.29 ± 0.03 J/kg/step during level walking to 1.09 ± 0.10 J/kg/step at +9° (p<0.005) 
(Figure 4.4C). The corresponding negative work decreased by 93%.  
Downhill Walking 
The leading leg performed 255% greater negative work at -9° (     
 : -0.09 ± 0.03 at 0° 
vs. -0.32 ± 0.06 J/kg/step at -9°, p<0.005) and the positive work performed by the trailing leg 
diminished with steeper downhill grade (decreased by 98% at -9°) (Figure 4.4A). Unlike level 
walking, the trailing leg performed considerable negative work during double support at each 
downhill grade (      
 : < -0.01 ± 0.01 at 0° vs. -0.10 ± 0.04 J/kg/step at -9°, p<0.005). When 
walking down 9°, the trailing leg accounted for 24% of the double support negative work. Single 
support negative work increased progressively from -0.17 ± 0.04 J/kg/step during level walking 
to -0.57 ± 0.06 J/kg/step at -9° (p<0.005) (Figure 4.4B). The total individual limb negative work 
56 
  
 
performed over a step increased by 283% with steeper downhill grade, from -0.26 ± 0.03 
J/kg/step during level walking to -0.99 ± 0.07 J/kg/step at -9° (p<0.005) (Figure 4.4C). The 
corresponding positive work decreased by 84%.  
 
 
Figure 4.3. Average individual limb mechanical power over a complete gait cycle normalized 
to body mass. Vertical dotted lines indicate the periods of double support (DS) and single 
support (SS) during the stance phase. During double support, thick lines represent leading leg 
mechanical power and thin lines represent trailing leg mechanical power. 
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Figure 4.4. Average (standard 
deviation) positive (W
+
) and negative 
(W
-
) individual limb external 
mechanical work performed (A) by the 
trailing and leading legs during double 
support, (B) during single support, and 
(C) over a complete step normalized to 
body mass. Double support negative 
and positive work became negligible 
with steeper uphill and downhill grade, 
respectively, and are omitted for clarity 
(See Table 1 for values). Symbols 
distinguish mechanical work 
performed by the leading (triangles) 
and trailing (circles) legs during double 
support from that performed during 
single support or summed over a 
complete step (squares). Asterisks (*) 
indicate significantly greater than level 
walking (p<0.005). 
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Table 4.1. Mean (s.d.) values of  double support individual limb mechanical work per step (W/kg)   
    -9° -6° -3° 0° 3° 6° 9° 
W
+
 trail 0.00 (0.01) 0.00 (0.00) 0.06 (0.02) 0.21 (0.03) 0.21 (0.05) 0.29 (0.06)* 0.34 (0.05)* 
  lead 0.00 (0.00) 0.00 (0.00) 0.02 (0.01) 0.01 (0.01) 0.02 (0.02)* 0.13 (0.04)* 0.14 (0.04)* 
                  
W
-
 trail -0.10 (0.04)* -0.08 (0.03)* -0.01 (0.01)* 0.00 (0.00) -0.01 (0.01) 0.00 (0.00) 0.00 (0.00) 
  lead -0.32 (0.06)* -0.22 (0.04)* -0.13 (0.03)* -0.09 (0.03) -0.01 (0.01) 0.00 (0.00) 0.00 (0.00) 
Asterisks (*) indicate significantly greater than level walking (p<0.005)       
 
 
 
 
Table 4.2. Mean (s.d.) values of stride frequency and stance time across grades.      
  -9° -6° -3° 0° 3° 6° 9° 
SF 
(Hz) 1.00 (0.07)* 0.97 (0.07)* 0.94 (0.07) 0.94 (0.07) 0.92 (0.07) 
0.93 
(0.07) 0.93 (0.07) 
tstance 
(s) 0.60 (0.03)* 0.62 (0.03)* 0.64 (0.03) 0.66 (0.03) 0.68 (0.07) 
0.67 
(0.07) 0.67 (0.07) 
Asterisks (*) indicate significant difference from level walking (p<0.005). 
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ILM vs. CLM Mechanical Work 
 Similar to Donelan et al. (2002), we found that the combined limbs method 
underestimated the positive and negative external work performed over a step during level 
walking by 25% and 28%, respectively (p<0.05) (Table 4.3). When walking uphill or downhill 
at 3°, the leading and trailing legs respectively performed some simultaneous negative and 
positive work during double support. Thus, the combined limbs method also underestimated the 
external work performed over a step when walking at ±3° (p<0.05). The magnitudes of 
mechanical work calculated using the ILM and CLM converged at uphill and downhill grades 
steeper than ±3°. 
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Table 4.3. Mean (s.d.) values of  ILM vs. CLM  mechanical work per step (W/kg) 
      
    -9° -6° -3° 0° 3° 6° 9° 
        * * *     
W
+
 ILM 0.05 (0.03) 0.06 (0.03) 0.17 (0.03) 0.29 (0.03) 0.44 (0.08) 0.81 (0.10) 1.09 (0.10) 
  CLM 0.04 (0.04) 0.05 (0.03) 0.11 (0.03) 0.22 (0.04) 0.43 (0.09) 0.81 (0.10) 1.09 (0.10) 
        * * *     
W
-
 ILM -0.99 (0.07) -0.75 (0.07) -0.45 (0.04) -0.26 (0.03) -0.14 (0.04) -0.07 (0.03) -0.02 (0.02) 
  CLM -0.99 (0.08) -0.75 (0.07) -0.38 (0.05) -0.19 (0.04) -0.13 (0.05) -0.07 (0.03) -0.02 (0.02) 
ILM: Individual limbs method; CLM: Combined limbs method 
Asterisks (*) indicate significant difference between ILM and CLM (p<0.05)       
 
      
 
 
 
 
 
 
61 
  
 
6
1
 
4.5 Discussion 
As hypothesized, with steeper uphill grade, the negative work performed by the leading 
leg during double support became negligible and the trailing leg performed progressively greater 
positive work. Also as hypothesized, with steeper downhill grade, the leading leg performed 
progressively greater negative work during double support and the positive work performed by 
the trailing leg became negligible. More remarkably, unlike the double support phase of level-
ground walking, the leading leg performed considerable positive work to walk uphill and the 
trailing leg performed considerable negative work to walk downhill. Our findings reveal that in 
healthy human walking, during double support both legs contribute progressively more to power 
generation with steeper uphill grade and to power absorption with steeper downhill grade. 
We found general agreement between our findings and those reported previously for 
level-ground walking (Donelan et al. 2002). In the present study, the leading and trailing legs 
respectively performed greater than 99% of the negative work and 94% of the positive work 
performed during double support. As discussed previously (Donelan et al. 2002), this follows 
from the substantial contribution of the opposing parallel forces during double support to the 
mechanical power generated and absorbed by the individual legs. However, this is not the case 
during the double support phase of uphill and downhill walking. 
Unlike level walking, the individual legs do not simultaneously exert large opposing 
parallel forces when walking at uphill or downhill grades steeper than ±3° (e.g., Figure 4.2). 
With steeper uphill grade, the leading and trailing legs both exert progressively greater 
propulsive forces during double support. As a result, we find that across the range of uphill 
grades from +3° to +9°, the leading leg performs 11-31% of the double support positive work to 
walk uphill, assisting the trailing leg in raising the CoM with each step. With steeper downhill 
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grade, although the parallel velocity of the CoM is relatively large compared to the perpendicular 
velocity, the parallel force exerted by the trailing leg becomes negligible. Further, compared to 
level walking, the perpendicular CoM velocity remains negative for a greater proportion of 
double support when walking downhill. The relatively large perpendicular force exerted by the 
trailing leg and the negative perpendicular CoM velocity contribute to the trailing leg absorbing 
considerable mechanical power during downhill walking. Thus, we find that across the range of 
downhill grades from -3° to -9°, the trailing leg performs 7-27% of the double support negative 
work to walk downhill, assisting the leading leg in lowering the CoM with each step. 
Previous studies of the mechanical work performed during uphill and downhill walking 
considered only the summed contribution of both legs to raise and lower the CoM (Margaria 
1938, Cotes and Meade 1960, Minetti et al. 1993). Here, we used the ILM to uncover important 
biomechanical aspects of leg function during uphill and downhill walking. However, these new 
findings neither contradict nor invalidate earlier seminal studies of uphill and downhill human 
locomotion. As during level walking, the traditional combined limbs method significantly 
underestimates the performance of mechanical work when the individual legs simultaneously 
perform positive and negative work during double support. But, at grades steeper than ±3°, the 
calculated magnitude of external work performed over a complete step using the CLM coincides 
with ILM measures. Thus, the leading and trailing legs only perform simultaneous positive and 
negative work at very modest uphill and downhill grades.  
One possible limitation of our study is that the total mechanical work performed on the 
body includes internal work performed to accelerate and decelerate the limbs relative to the CoM 
that is not quantified by the ILM (Cavagna and Margaria 1966). Minetti and colleagues (1993) 
found that internal work is largely invariant with uphill and downhill grade and should not 
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influence the interpretation of our findings. A more notable limitation of our study is that the 
actual work performed by muscles cannot be directly inferred from measures of external 
mechanical work. Further, we measured the GRF exerted by a single leg and computed 
individual limb work during double support by assuming symmetry. Other authors have 
confirmed the bilateral symmetry of GRF measurements during walking (Seeley et al. 2008, 
Burnett et al. 2011). Finally, in this study we emphasized the period of double support as a first 
examination of the step-to-step transition during uphill and downhill walking. However, as 
Adamczyk and Kuo (2009) recently demonstrated in level walking, redirecting the CoM velocity 
during the step-to-step transition begins before and ends after double support. Further analysis 
could characterize the CoM velocity redirection during the step-to-step transition of uphill and 
downhill walking.  
In summary, our findings reveal that for the double support phase of walking, both the 
leading and trailing legs simultaneously contribute progressively more to power generation with 
steeper uphill grade and to power absorption with steeper downhill grade. We conclude that 
during double support 1) the leading leg performs positive work during uphill walking, assisting 
the trailing leg to raise the CoM with each step and 2) the trailing leg performs negative work 
during downhill walking, assisting the leading leg to lower the CoM with each step. 
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CHAPTER FIVE: 
 
ADVANCED AGE AFFECTS THE INDIVIDUAL LEG MECHANICS OF LEVEL, 
UPHILL, AND DOWNHILL WALKING 
  
5.1 Abstract 
Advanced age brings biomechanical changes that may limit the uphill and/or downhill 
walking ability of old adults. Here, we investigated how advanced age alters individual leg 
mechanics during level, uphill, and downhill walking. We hypothesized that, compared to young 
adults, old adults would exhibit: 1) reduced trailing leg propulsive ground reaction forces (GRFs) 
and positive work rates during uphill walking, and 2) reduced leading leg braking ground 
reaction forces and negative work rates during downhill walking. We calculated the individual 
leg mechanical work performed by 10 healthy old (mean ± SD, age: 72 ± 5 yrs) and 11 young 
(age: 26 ± 5 yrs) adults walking at 1.25 m/s on a dual-belt force-measuring treadmill at seven 
grades (0° and ±3°, ±6°, ±9°). As hypothesized, old adults exhibited significantly reduced 
propulsive GRFs (e.g., -21% at +9°) and average trailing leg positive work rates (e.g., -25% at 
+9°) compared to young adults during both level and uphill walking. Old adults compensated by 
performing greater positive work than young adults during the subsequent single support phase. 
In contrast, we reject our second hypothesis. We found no differences in braking GRFs or 
negative work rates between old and young adults. However, old adults exhibited significantly 
reduced second peak perpendicular GRFs during downhill walking compared to young adults. 
Our findings most notably identify how advanced age may impair uphill walking ability and thus 
independence and quality of life. 
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5.2 Introduction 
Advanced age (i.e., 65+ years) brings biomechanical changes that negatively affect 
walking ability, independence, and quality of life. An abundant literature describes how these 
age-related changes manifest during level walking. For example, old adults exhibit a distal to 
proximal redistribution of mechanical power production from the muscles of the ankle to the 
muscles of the hip (DeVita and Hortobagyi 2000, Savelburg et al. 2007, Cofre et al. 2011). This 
greater reliance on hip muscles coincides with reduced trailing leg propulsion during double 
support compared to young adults walking at the same speed (Ortega and Farley 2007, 
Hernandez et al. 2009). Another pervasive consequence of aging is sarcopenia, the loss of 
skeletal muscle mass, which is often associated with functional declines in strength (e.g., 
(Baumgartner et al. 1998). Together, hip muscle reliance, reduced trailing leg propulsion, and leg 
muscle weakness may limit the uphill and/or downhill walking ability of old adults. However, to 
the best of our knowledge, there are no published studies that compare the biomechanics of 
uphill and downhill walking in old vs. young adults.  
The biomechanics of individual leg function during uphill and downhill walking in young 
adults are strikingly different from walking over level ground. During level walking, the leading 
and trailing legs simultaneously and nearly exclusively perform negative and positive 
mechanical work during double support, respectively (Donelan et al. 2002). However, we 
recently discovered that both the leading and trailing legs of young adults perform progressively 
greater positive work with steeper uphill grade and greater negative work with steeper downhill 
grade (Franz et al. 2012). Thus, in contrast to level walking, up to one-third of the mechanical 
work performed during the double support phase of uphill (positive work) or downhill (negative 
work) walking is performed by the leading or trailing leg, respectively. Electromyographic 
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(EMG) data from young adults provides additional insight into the coordinated performance of 
leading and trailing leg mechanical work during uphill and downhill walking (Lay et al. 2007, 
Franz and Kram 2012). These data suggest that during uphill walking, trailing leg ankle extensor 
muscles are aided by leading leg hip and knee extensor muscles to perform the greater positive 
work to raise the center of mass (CoM). Further, during downhill walking, the leading and 
trailing leg knee extensor muscles largely perform the greater negative work to lower the CoM. 
Age-related biomechanical changes known to manifest during level walking may 
adversely affect individual leg mechanics during uphill and/or downhill walking. The 
performance of trailing leg positive work is particularly important to meet the propulsive 
demands of uphill walking and raise the CoM with each step. Reduced trailing leg propulsion 
and leg muscle weakness in old adults could compromise their uphill walking ability. Moreover, 
as a consequence of their disproportionate recruitment of hip muscles, old adults approach the 
maximum voluntary isometric capacity of their gluteus maximus (a hip extensor muscle) during 
uphill walking (Franz and Kram In press (a)). Thus, unlike in young adults walking uphill, the 
hip muscles of old adults may be unable to adequately assist the trailing leg ankle extensor 
muscles and perform the positive work necessary to raise the COM. During downhill walking, 
knee extensor (quadriceps) muscle atrophy and weakness commonly observed with advanced 
age (Trappe et al. 2001) could compromise the ability of the leading leg of old adults to perform 
the considerable negative work necessary to eccentrically lower the CoM with each step. 
Here, we investigated how advanced age affects individual leg mechanics during level, 
uphill, and downhill walking. We hypothesized that, compared to young adults, old adults would 
exhibit: 1) reduced trailing leg propulsive ground reaction forces (GRFs) and positive work rates 
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during uphill walking, and 2) reduced leading leg braking ground reaction forces and negative 
work rates during downhill walking.  
5.3 Methods 
Subjects 
 10 old adults (6F/4M, mean ± SD, age: 72 ± 5 yrs, height: 1.70 ± 0.10 m, mass: 65.0 ± 
13.3 kg) and 11 young adults (5F/6M, age: 26 ± 5 yrs, height: 1.76 ± 0.10 m, mass: 71.0 ± 12.3 
kg) participated. All subjects were healthy and exercised regularly. Prior to participating, 
subjects completed a health questionnaire based upon recommendations of the American College 
of Sports Medicine (2006). We excluded subjects for any of the following criteria: BMI≥30, 
sedentary lifestyle, first degree family history of coronary artery disease, cigarette smoking, high 
blood pressure, high cholesterol, diabetes or prediabetes, orthopedic or neurological condition, or 
taking medication that causes dizziness. All subjects scored at the highest possible mobility on 
the Short Physical Performance Battery (SPPB). All subjects gave written informed consent as 
per the University of Colorado Institutional Review Board. 
Experimental Procedures 
Subjects began each of four experimental session by walking at 1.25 m/s on a level, 
motorized treadmill (model 18-60, Quinton Instruments, Seattle, WA, USA) for 5 min. Subjects 
then walked at 1.25 m/s on a dual-belt, force-measuring treadmill (Kram et al. 1998) for 2 min 
on the level (session 1), and both uphill and downhill (sessions 2-4) at one of three grades (3°, 
6°, 9°; i.e., 5.2%, 10.5%, 15.7%). A force platform (model ZBP-7124-6-4000, Advanced 
Mechanical Technology, Inc., Watertown, MA, USA) was mounted under one side of the 
treadmill (Figure 5.1). For uphill and downhill walking trials, we mounted both sides of the 
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treadmill in parallel on custom-made aluminum wedges as described in earlier studies 
(Gottschall and Kram 2006, Franz et al. 2012). Subjects completed experimental sessions on four 
separate days and in the same order of conditions due to the lengthy process of interchanging the 
aluminum wedges. We reversed the treadmill belt direction so that subjects could walk both 
uphill and downhill at one grade during a single session. We recorded the ground reaction force 
(GRF) components perpendicular, parallel, and lateral to the treadmill surface produced by one 
leg at 1000 Hz during the last 30 s of each trial. Specifically, we recorded right leg GRFs during 
level and uphill walking and left leg GRFs during downhill walking.  
 
 
Figure 5.1. Dual-belt force-measuring treadmill mounted at 9°. A force platform mounted 
under treadmill TM1 recorded the perpendicular, parallel, and lateral (not shown) components 
of the ground reaction force produced by a single leg. Assuming symmetry, we phase shifted 
those GRFs to emulate the forces produced by the contralateral leg. 
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Data Analysis 
 A custom script written in MATLAB (Mathworks, Inc, Natick, MA, USA) processed all 
data. We digitally filtered the GRF signals using a recursive fourth-order Butterworth filter with 
a low-pass cutoff frequency of 20 Hz.  A 10% body-weight threshold on the perpendicular force 
signal identified the stance phase GRFs, which we then averaged over 15 consecutive strides per 
condition. Phase-shifting the resulting GRF profiles by 50% emulated the forces produced by the 
contralateral leg (symmetry assumed, see (Seeley et al. 2008, Hernandez et al. 2009, Burnett et 
al. 2011).  
 We used the individual limbs method (ILM) to calculate the mechanical work rates for 
each leg from the stride-averaged GRF data (Donelan et al. 2002). We tailored the ILM to 
account for the treadmill grade for uphill and downhill walking trials, as described in detail 
previously (Franz et al. 2012). Briefly, we calculated each leg’s instantaneous mechanical work 
rate as the dot product of the three-dimensional GRF and center of mass (CoM) velocity 
(determined by integrating the GRF signals with respect to time). By then restricting the 
cumulative time-integrals of the instantaneous mechanical work rate curves to the intervals over 
which the integrand was positive or negative, we determined the positive and negative 
mechanical work performed by each leg, respectively. We performed these integrations over the 
following time intervals of interest: double support, single support, and a complete step (heel-
strike of one leg to heel-strike of the contralateral leg). We calculated the average mechanical 
work rate (reported in W/kg) by dividing each measure of individual leg mechanical work (J/kg) 
by the average step duration (s).  
 Finally, we prepared CoM hodographs, plots of sagittal plane CoM velocity components, 
over an average step for level, uphill, and downhill walking. Adamczyk and Kuo first showed 
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that CoM hodographs can elucidate how individual leg work redirects and restores the CoM 
velocity to upward and forward during the transition from one period of single support to the 
next (Adamczyk and Kuo 2009). Thus, we used CoM hodographs to graphically demonstrate 
how individual leg work differentially affects the CoM velocity redirection in old vs. young 
adults during level, uphill, and downhill walking. To describe the CoM hodographs, we use the 
terms pre- and post-transition, defined by other authors (Adamczyk and Kuo 2009, Soo and 
Donelan 2012) as the time at which the perpendicular velocity reaches a minimum (just prior to 
heel-strike) and maximum (just following toe-off) during a step, respectively.  
We compared step and double support durations, and the average mechanical work rates 
in old adults to those obtained by re-analyzing young adult GRF data from our study published 
previously (Franz et al. 2012). A repeated measures analysis of variance tested for significant 
main effects of age and age by grade interactions with a p<0.05 criterion. When a significant 
main effect of age was found, we performed independent samples t-tests to determine at which 
grade(s) the differences occurred.  
5.4 Results 
Compared to young adults (Y) walking at the same speed, old adults (O) walked with 
significantly smaller peak parallel propulsive GRFs (e.g., O: 24.3 ± 3.2 %BW vs. Y: 30.8 ± 1.5 
%BW at +9°) and second peak perpendicular GRFs (e.g., O: 94.2 ± 12.7 %BW vs. Y: 112.1 ± 
6.7 %BW at +9°) during level and uphill conditions (Figure 5.2). A significant age by grade 
interaction revealed that old adults, unlike young adults, did not increase their second peak 
perpendicular GRF at uphill grades steeper than 3° (p<0.01). During downhill walking, old 
adults exhibited significantly smaller second peak perpendicular GRFs than young adults (e.g., 
70.8 ± 10.0 %BW vs. 84.6 ± 5.4 %BW at -9°, p<0.01). 
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Figure 5.2. Mean perpendicular and parallel ground reaction forces (GRFs) and individual 
leg instantaneous mechanical work rates for old and young adults normalized to body mass. 
All curves represent one stance phase normalized to the gait cycle. Asterisks (*) indicate a 
significant difference between old and young adults (p<0.05). For instantaneous work rates, 
asterisks correspond to regions of the stance phase (i.e., single support, double support) over 
which the average work rates differed significantly in old vs. young adults. We identified 
these regions from the individual leg GRFs. 
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Old adults also exhibited significantly reduced trailing leg positive work rates during the 
double support phase of level (O: 0.21 ± 0.12 W/kg vs. Y: 0.39 ± 0.05 W/kg, p<0.01) and uphill 
walking (e.g., O: 0.46 ± 0.15 W/kg vs. Y: 0.62 ± 0.06 W/kg at +9°, p<0.01) (Figure 5.2, Figure 
5.3A). Old adults compensated with greater positive work rates than young adults during the 
subsequent single support phase (e.g., O: 0.27 ± 0.16 W/kg vs. Y: 0.12 ± 0.05 W/kg, p<0.01 at 
0° and O: 1.29 ± 0.25 W/kg vs. Y: 1.12 ± 0.09 W/kg, p<0.05 at +9°) (Figure 5.2, Figure 5.3B). 
Consequently, average positive work rates over a complete step were largely unaffected by age 
(Figure 5.3C). Importantly, we found no differences in step and double support durations that 
could have contributed to the age differences in GRFs and mechanical work rates during uphill 
walking (step duration, p=0.07; double support duration, p=0.28) (Table 5.1). Further, we found 
no significant effect of age on negative work rates during downhill walking. 
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Figure 5.3. Mean (standard 
deviation) individual leg 
positive (uphill) and negative 
(downhill) mechanical work 
rates during (A) double 
support, (B) single support, 
and (C) over a complete step 
normalized to body mass. 
Asterisks (*) indicate a 
significant difference 
between old and young adults 
(p<0.05). 
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Table 5.1. Mean (standard deviation) step and double support times.        
    -9° -6° -3° 0° 3° 6° 9° 
tstep Young 0.50 (0.03) 0.52 (0.03) 0.54 (0.03) 0.54 (0.03) 0.55 (0.04) 0.54 (0.04) 0.54 (0.04) 
  Old 0.47 (0.06) 0.49 (0.06) 0.49 (0.05) 0.51 (0.05) 0.50 (0.06) 0.50 (0.07) 0.48 (0.06) 
                  
tds Young 0.10 (0.01) 0.10 (0.01) 0.10 (0.01) 0.12 (0.01) 0.12 (0.01) 0.12 (0.01) 0.12 (0.01) 
  Old 0.08 (0.03) 0.09 (0.02) 0.10 (0.02) 0.11 (0.02) 0.11 (0.02) 0.11 (0.03) 0.12 (0.03) 
tstep: step time, tds: double support time. We did not find any significant effect of age on step and double 
support times. 
  
  
  
  
  
  
  
 
 
 
 
76 
  
 
7
6
 
Figure 4 graphically shows how the individual legs of old and young adults serve to 
restore and redirect the CoM velocity upward and forward during the transition from one period 
of single support to the next during level, uphill, and downhill walking. The most prominent age 
difference in the CoM hodographs was that old adults exhibited smaller CoM velocity 
fluctuations than young adults (Figure 5.4). That is, old adults’ CoM velocity deviated 
considerably less from the mean walking speed. These more conserved patterns in old adults 
became progressively more evident with steeper uphill grade. Further, consistent with reduced 
trailing leg propulsive function, old adults did not demonstrate the progressively greater pre- and 
post-transition CoM velocities at steeper uphill grades exhibited by young adults.  
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Figure 5.4. Plots of the sagittal plane center of mass (CoM) velocity components (CoM 
hodographs) over an average step during level, uphill, and downhill walking. Mean walking 
speed (perpendicular: 0 m/s, parallel: 1.25 m/s) is indicated by ×. For level walking, the CoM 
velocity is directed downward and forward at the end of single support. The mechanical work 
performed by the individual legs serves to redirect and restore the CoM velocity to upward and 
forward during the transition from one period of single support to the next. For level, uphill, 
and downhill walking, the redirection began as the perpendicular CoM velocity reached a 
minimum and was complete when the perpendicular CoM velocity had reached a maximum. 
For our purposes, CoM hodographs visually demonstrate how individual leg work differentially 
affected the CoM velocity redirection in old vs. young adults during level, uphill, and downhill 
walking. 
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5.5 Discussion 
 Our study provides the first biomechanical insights into how advanced age affects the 
individual leg mechanics of uphill and downhill walking. We accept our first hypothesis that 
trailing leg propulsive function in old adults would be compromised during uphill walking. At 
the same walking speed, old adults exhibited significantly reduced double support trailing leg 
positive work rates and propulsive GRFs compared to young adults. Old adults compensated by 
performing greater positive work than young adults during single support. However, in contrast 
to our second hypothesis, we found no age differences in braking GRFs or negative work rates 
during downhill walking.  
 Ankle extensor muscles are largely responsible for performing trailing leg positive work 
(Zelik and Kuo 2010). Consequently, reduced trailing leg propulsive function in old adults 
results from either distal muscle weakness secondary to sarcopenia and/or the disproportionate 
recruitment of hip vs. ankle muscles (Christ et al. 1992, DeVita and Hortobagyi 2000, Savelburg 
et al. 2007, Cofre et al. 2011). Silder et al. reported that ankle muscle weakness is correlated with 
reduced ankle extensor power generation during walking in old adults (Silder et al. 2008). 
However, we recently showed that a comparable group of old adults retained the ability to 
double their ankle extensor muscle activity during uphill vs. level walking despite their having 
30-37% less isometric leg strength compared to young adults (Franz and Kram In press (a)). We 
infer from those findings that old adults have an underutilized reserve for recruiting ankle 
muscles and further that ankle muscle weakness contributes only marginally to the propulsive 
impairments exhibited by old adults during level walking. We suspect that neural adaptations 
with age bring the disproportionate recruitment of proximal vs. distal leg muscles in old adults 
(Franz and Kram In press (a)) which preclude their performing as much trailing leg positive 
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work as young adults. During both level and uphill walking, our observation that old adults 
compensate for reduced trailing leg positive work during the single support phase is consistent 
with a greater recruitment of more proximal leg muscles in old vs. young adults. However, the 
effect of leg muscle weakness on reduced trailing leg positive work in old adults may be 
exacerbated on steeper uphill grades.  
 Because knee extension weakness may impair the leading leg’s ability to eccentrically 
control lowering the CoM (Ikezoe et al. 2011), we were surprised to find that old and young 
adults demonstrated equivalent braking GRFs and negative work rates during downhill walking. 
However, old adults performed the same amount of negative work during downhill walking 
differently (i.e., with smaller second peak perpendicular GRFs compared to young adults). 
Because we found no differences in step kinematics, it follows that the reduced GRFs exhibited 
by old vs. young adults are offset by greater negative CoM velocities during downhill walking 
(Figure 5.4). Although we reject our second hypothesis, our findings do not exclude an effect of 
muscle weakness on the downhill walking ability of old adults. Indeed, such an impairment may 
underlie the reduced perpendicular GRF during downhill walking, which implies that old adults 
are not decelerating the substantial downward motion of the CoM during the late stance phase as 
much as young adults.  
As a complement to measures of mechanical work, we graphically demonstrate how 
uphill and downhill walking differentially affect the CoM velocity redirection in old vs. young 
adults (Figure 5.4). For both old and young adults, uphill and downhill grades skew the CoM 
hodographs in directions that correspond to performing greater positive and negative work, 
respectively. However, old adults exhibited more conserved patterns of CoM velocity 
fluctuations than young adults. This may at first be interpreted as advantageous, reflecting a 
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smoother walking pattern than young adults during uphill walking. However, we propose that the 
observed age differences signify a more restricted pattern of CoM velocity change constrained 
by the reduced propulsive mechanics of old adults. Moreover, imposing a smoother pattern of 
CoM velocity over a step in young adults can impair the exchange of mechanical energy and 
double the metabolic cost of level walking (Ortega and Farley 2005). This suggests that old 
adults adopt a pattern of CoM motion during uphill walking which may incur a metabolic 
penalty compared to young adults. 
Our old adult subjects exhibited what may be considered adverse biomechanical changes 
despite their exceptional physical activity and fitness. In this context, and based on our 
observations, it is reasonable to presume that the old adults in this study were not aerobically 
limited during any of the walking trials. In contrast, due to the age-related decline in aerobic 
capacity (Fitzgerald et al. 1997), more sedentary old adults can approach what has been termed 
“aerobic frailty” (V̇O2max  ≤ 18 ml/kg/min) (Booth and Zwetsloot 2010), which makes uphill 
walking exhausting. In contrast, more active old adults who slow the decline in aerobic capacity 
may exhibit “biomechanical locomotor frailty” prior to their experiencing aerobic limitations. To 
characterize biomechanical locomotor frailty, future research could identify the uphill grade 
and/or walking speed at which the greater positive work performed by old adults during single 
support fails to compensate for trailing leg propulsive deficits. 
One possible limitation of this study is that we measured only the forces produced by a 
single leg. However, other authors have confirmed the bilateral symmetry of GRF measures 
during walking in young adults (Seeley et al. 2008, Burnett et al. 2011). We are not aware of any 
published studies that suggest that healthy old adults walk more or less symmetrically than 
young adults. In addition, the total mechanical work performed during walking includes internal 
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work to accelerate and decelerate the limbs with respect to the CoM (Cavagna and Kaneko 1977) 
that is not quantified by the ILM. However, the internal work of the legs changes relatively little 
with uphill or downhill grade (Minetti et al. 1993) and has been found to be similar in old vs. 
young adults during level walking (Mian et al. 2006). Finally, our findings are also limited to 
active and healthy old adults. We would expect even greater deficits in the propulsive mechanics 
of sedentary and/or frail old adults due to the more direct effects of advanced sarcopenia and leg 
muscle disuse and weakness. 
This study reveals how advanced age affects individual leg mechanics during level, 
uphill, and downhill walking. We find that even active and healthy old adults exhibit 
compromised trailing leg mechanical power generation during level and uphill walking. We also 
find that old adults exhibit significantly reduced second peak perpendicular GRFs during 
downhill walking compared to young adults which we suspect results from knee extensor 
(quadriceps) muscle weakness. Our findings most notably identify how advanced age may 
impair uphill walking ability and point to specific targets (e.g., trailing leg propulsive forces 
during uphill walking) for biomechanical interventions that might prolong independent mobility 
in old adults. 
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CHAPTER SIX: 
 
ADVANCED AGE AND THE MECHANICS OF UPHILL WALKING: A JOINT-LEVEL 
INVERSE DYNAMIC ANALYSIS 
 
 
6.1. Prologue 
 In the following study, I used an inverse dynamics approach to calculate ankle, knee, and 
hip joint kinetics to gain additional insights into the age-related muscular limitations of old adults 
walking uphill. However, as others have noted (Soo and Donelan 2010, Zelik and Kuo 2010), 
direct comparisons between whole-body, center of mass kinetics (e.g., individual leg work) and 
joint kinetics should be made extremely cautiously. These two techniques are based on models 
which each have their own assumptions and limitations. Thus, individual leg work and inverse 
dynamics calculations, while often complementary, do not always yield congruent results (Soo 
and Donelan 2010, Zelik and Kuo 2010). 
 
 
 
 
 
 
 
 
 
 
83 
  
 
8
3
 
6.2. Abstract 
In this study, we used motion analysis techniques and an inverse dynamics approach to provide 
joint-level insight into age-related muscular limitations that may restrict the uphill walking 
ability of old adults. We hypothesized that: 1) old adults would exhibit smaller peak ankle joint 
kinetics and larger peak hip joint kinetics than young adults during both level and uphill walking 
and 2) these age-related differences in ankle and hip joint kinetics would be greatest during 
uphill vs. level walking. We quantified the sagittal plane ankle, knee, and hip joint moments and 
powers of 10 old adults (mean ± SD, age: 72 ± 5 yrs) and 8 young adults (age: 27 ± 5 yrs) 
walking at 1.25 m/s on a dual-belt, force-measuring treadmill at four grades (0°, +3°, +6°, +9°). 
As hypothesized, old adults walked with smaller peak ankle joint kinetics and larger peak hip 
joint kinetics than young adults, most evident during the late stance phase of both level and 
uphill conditions. Old adults also compensated for reduced trailing leg propulsive ankle function 
by performing greater positive work than young adults via knee extensor muscles during single 
support. In partial support of our second hypothesis, the age-related reduction in peak ankle joint 
moments was greater during uphill compared to level walking. However, the other age-related 
differences in peak joint kinetics were nearly uniform between level and uphill walking. Our 
findings reveal potential muscular limitations, most notably at the ankle, that may restrict the 
uphill walking ability of old adults. 
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6.3. Introduction 
The biomechanical demands of uphill walking can be particularly challenging for 
community-dwelling old adults. However, very little is known about how old adults walk uphill. 
We know that advanced age (65+ years) brings potentially adverse changes in ground reaction 
forces (GRFs), individual leg external mechanical work, and leg muscle recruitment during both 
level (Ortega and Farley 2007, Hernandez et al. 2009, Hortobagyi et al. 2009, Schmitz et al. 
2009, Franz and Kram In press (a)) and uphill walking (Franz and Kram In press (a), Franz and 
Kram In press (b)). While these measures have been valuable and informative, they offer only 
indirect insight into the joint-level muscular limitations of old adults walking uphill. The next 
step is to compare the kinetics (moments and powers) of old and young adults at each leg joint to 
more precisely identify biomechanical factors that may contribute to impaired uphill walking 
ability with age. In this study, we used motion analysis techniques and an inverse dynamics 
approach to provide joint-level insights into age-related muscular limitations that may restrict the 
uphill walking ability of old adults. 
Numerous studies have described the leg joint kinetics of old vs. young adults walking 
over level ground (Judge et al. 1996, Prince et al. 1997, DeVita and Hortobagyi 2000, Kerrigan 
et al. 2000, Savelburg et al. 2007, Silder et al. 2008, Cofre et al. 2011). These studies reveal that 
old adults exhibit a distal to proximal redistribution of joint kinetics from muscles acting across 
the ankle to muscles acting across the hip. One of the most pervasive biomechanical 
consequences of advanced age is a reduction in ankle joint moments and powers during level 
walking. For example, even healthy and active old adults generate up to 29% less ankle power 
compared to young adults (Judge et al. 1996, DeVita and Hortobagyi 2000, Kerrigan et al. 2000, 
Savelburg et al. 2007, Silder et al. 2008), and even up to 22% when walking at the same speed 
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(Cofre et al. 2011). Reduced ankle joint kinetics in old adults are accompanied by an increase in 
hip extensor moments and power generation during early stance (DeVita and Hortobagyi 2000, 
Savelburg et al. 2007, Silder et al. 2008) and/or an increase in hip flexor moments and power 
generation immediately preceding toe-off (Judge et al. 1996, Kerrigan et al. 2000, Cofre et al. 
2011). These researchers speculated that the distal to proximal redistribution in joint kinetics in 
old adults reflects underlying neural changes with age and/or a compensation for the propulsive 
deficits of trailing leg ankle extensor muscles.  
Uphill walking places increased demands on the leg muscles of old adults and could 
exacerbate the changes in joint kinetics reported with age. We recently demonstrated that overall 
trailing leg propulsive function is compromised in old vs. young adults during both level and 
uphill walking. Old adults walk with smaller trailing leg peak propulsive GRFs and positive 
work rates than young adults (Franz and Kram In press (b)). Old adults compensate by 
performing greater positive work during the single support phase, which is consistent with a 
disproportionate recruitment of proximal vs. distal leg muscles. Indeed, old adults exhibit smaller 
increases in ankle extensor muscle activities with steeper uphill grade, and uniformly greater 
recruitment of their gluteus maximus (a hip extensor muscle) than young adults during both level 
and uphill walking (Franz and Kram In press (a)). Further, Lay et al. (2006) showed that for 
young adults, the greatest increases in joint kinetics during uphill vs. level walking occur at the 
hip. Accordingly, we have shown that due to the combined effects of age and uphill grade, old 
adults approach the maximum EMG-based isometric capacity of their gluteus maximus during 
steeper uphill walking (Franz and Kram In press (a)). As walking performance declines with age 
(Studenski et al. 2011), a greater reliance on proximal vs. distal joint kinetics may be an 
inadequate strategy to meet the propulsive demands of uphill walking. 
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In this study, we quantified the anatomical sagittal plane ankle, knee, and hip joint 
moments and powers in healthy old and young adults during level and uphill walking. We 
hypothesized that: 1) old adults would exhibit smaller peak ankle joint kinetics and larger peak 
hip joint kinetics than young adults during both level and uphill walking and 2) these age-related 
differences in ankle and hip joint kinetics would be greatest during uphill vs. level walking. We 
use motion analysis techniques and an inverse dynamics analysis to provide specific insights into 
the muscular impairments limiting the uphill walking ability of old adults. 
6.4. Methods 
Subjects 
We analyzed the walking patterns of 10 old adults (6F/4M, mean ± SD, age: 72 ± 5 yrs, 
height: 1.70 ± 0.10 m, mass: 65.0 ± 13.3 kg) and 8 young adults (4F/4M, age: 27 ± 5 yrs, height: 
1.76 ± 0.07 m, mass: 71.5 ± 8.44 kg) who were healthy and exercised regularly. Prior to 
participating, subjects completed a health questionnaire based upon recommendations of the 
American College of Sports Medicine (2006). We excluded subjects based upon the following 
criteria: BMI≥30, sedentary lifestyle, first degree family history of coronary artery disease, 
cigarette smoking, high blood pressure, high cholesterol, diabetes or prediabetes, orthopedic or 
neurological condition, or taking medication that causes dizziness. All subjects gave written 
informed consent as per the University of Colorado Institutional Review Board.  
Experimental Procedures and Data Collection 
 Subjects completed a total of four experimental sessions which each involved walking for 
2 min at 1.25 m/s on a dual-belt, force-measuring treadmill (Kram et al. 1998). Subjects began 
each session by walking for 5 min on a conventional, level treadmill (model 18-60, Quinton 
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Instruments, Seattle, WA) to allow their movement patterns to stabilize. Subjects then walked on 
the force treadmill on the level during session 1 and uphill at one of three grades (3°, 6°, 9°; i.e., 
5.2%, 10.5%, 15.7%) during sessions 2-4. For context, the Americans with Disabilities Act 
permits uphill walking ramps of 4.8° (i.e, 8.3%). For uphill walking trials, we mounted each side 
of the treadmill on separate, custom-made aluminum wedges as described in earlier studies 
(Gottschall and Kram 2006, Franz et al. 2012). Subjects completed the experimental sessions on 
separate days and in the same order of conditions due to the lengthy process of interchanging the 
aluminum wedges. A force platform (model ZBP-7124-6- 4000, Advanced Mechanical 
Technology, Inc., Watertown, MA) mounted under one side of the treadmill recorded the right 
leg three-dimensional ground reaction forces and moments at 1000 Hz during the last 30 s of 
each trial.  
 The same research assistant placed a total of 15 retro-reflective markers on each subject’s 
skin/shoes corresponding to the following anatomical landmarks of their pelvis and both legs: 
anterior superior iliac spines, sacrum, greater trochanters, lateral femoral condyles, tibial 
tuberosities, lateral malleoli, posterior calcanei, and lateral fifth metatarsal heads. An 8-camera 
motion analysis system (Motion Analysis Corp, Santa Rosa, CA) captured the three-dimensional 
positions of each marker at 100 Hz and in synchrony with the GRF data. We also recorded 
anthropometric measurements including height, body mass, segment lengths, and maximum- and 
mid-segment circumferences.   
Data Analysis 
We used a custom Matlab (Mathworks, Inc, Natick, MA) script based upon the analysis 
methods described by Vaughan et al. (1999) to calculate the average sagittal plane ankle, knee, 
and hip joint kinematics and kinetics for each subject over 15 consecutive strides. Briefly, 
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marker position data (low-pass filtered at 10 Hz) defined orthogonal uvw reference systems for 
each segment, which we then combined with anthropometric measurements to estimate the 
ankle, knee, and hip joint center locations and each segment’s center of mass (Vaughan et al. 
1999). We then embedded an internal xyz reference system at each segment’s center of mass 
which defined that segment’s position and orientation relative to the laboratory frame of 
reference. We used these internal reference systems to calculate the anatomical joint angles, 
segment Euler angles, and segment angular velocities and accelerations. We combined those 
kinematic data with the low-pass (20 Hz) filtered and down-sampled force plate data to calculate 
our primary outcome measures (sagittal plane ankle, knee, and hip joint moments and powers) 
using a standard inverse dynamics procedure (Vaughan et al. 1999).  By convention, we report 
net internal joint flexion and extension moments. In a secondary analysis, we integrated the joint 
power curves with respect to time to calculate the net positive work performed by muscles 
crossing the ankle, knee, and hip joints. We performed these integrations over time periods 
corresponding to the double and single support phases, identified using the individual leg GRF 
measurements. An analysis of variance (ANOVA) for repeated measures tested for significant 
main effects of and interactions between age and grade with a p<0.05 criterion.  
6.5. Results 
Net joint extensor moments and joint power generation generally increased with steeper 
uphill grade for both old (O) and young (Y) adults (Figure 6.1). For simplicity, we report age-
related differences in joint kinetics for level walking and uphill walking at 9°, which we 
summarize in Figures 6.2-6.5. All curves are normalized to the gait cycle, noting that step 
duration for old adults tended to be 10% shorter than for young adults during uphill walking 
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(p=0.051) due to a shorter single support phase. We found no differences in sagittal plane joint 
kinematics between old and young adults (Figure 6.2).  
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Figure 6.1. Sagittal plane ankle, knee, and hip joint angles, moments, and powers of old 
adults during level and uphill walking plotted over an averaged gait cycle (0-100%). 
Vertical lines indicate toe-off. Asterisks (*) indicate a significant main effect of grade 
(p<0.05). Pound (#) indicates that the peak ankle extensor moment increased during 
uphill vs. level walking in young, but not old adults (interaction, p<0.05). 
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Figure 6.2. Sagittal plane joint angles of old and young adults during level (solid) and 
uphill (+9°, dashed) walking plotted over an averaged gait cycle (0-100%). Vertical lines 
indicate toe-off. We found no significant differences in joint kinematics between old and 
young adults. 
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Figure 6.3. Sagittal plane 
ankle joint moments and 
powers of old and young 
adults during level (solid 
lines) and uphill (+9°, dashed 
lines) walking plotted over an 
averaged gait cycle (0-100%). 
Vertical lines indicate toe-off. 
Asterisks (*) indicate a 
significant difference between 
old and young adults 
(p<0.05). 
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Figure 6.4. Sagittal plane 
knee joint moments and 
powers of old and young 
adults during level (solid 
lines) and uphill (+9°, dashed 
lines) walking plotted over an 
averaged gait cycle (0-100%). 
Vertical lines indicate toe-off. 
Asterisks (*) indicate a 
significant difference between 
old and young adults 
(p<0.05). 
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Figure 6.5. Sagittal plane hip 
joint moments and powers of 
old and young adults during 
level (solid lines) and uphill 
(+9°, dashed lines) walking 
plotted over an averaged gait 
cycle (0-100%). Vertical lines 
indicate toe-off. Asterisks (*) 
indicate a significant difference 
between old and young adults 
(p<0.05). 
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Advanced age brought smaller peak ankle joint kinetics, altered peak knee joint kinetics, 
and larger peak hip joint kinetics during the late stance phase of both level and uphill walking. At 
the ankle, old adults produced 20% (level) and 25% (uphill) smaller peak extensor moments and 
generated 25% (level) and 18% (uphill) less peak power than young adults (p=0.001 and 
p=0.014, respectively) (Figure 6.3). A significant interaction revealed that only young adults 
increased their peak ankle extensor moments during uphill vs. level walking (p=0.003).  
At the knee, old adults produced extensor moments during the late stance phase of both 
level and uphill walking which differed significantly from the flexor moments produced by 
young adults (O vs. Y; level: 0.24 ± 0.33 vs. -0.06 ± 0.24 Nm/kg; uphill: 0.05 ± 0.22 vs. -0.31 ± 
0.22 Nm/kg, p=0.011) (Figure 6.4). 
At the hip, old adults generated 148% (level) and 119% (uphill) more peak hip power 
than young adults immediately preceding toe-off (p=0.013) (Figure 6.3). Old adults also 
produced 63% (level) and 110% (uphill) larger peak flexor moments and absorbed 128% (level) 
and 244% (uphill) more peak power than young adults during mid- to late- stance (p=0.007 and  
p=0.003, respectively) (Figure 6.5).  
Figures 6.6 and 6.7 graphically show the contributions from muscles acting across the 
ankle, knee, and hip joints to perform positive mechanical work during level and uphill walking. 
Old and young adults walked at the same speed and grades which required that they perform the 
same overall net rate of positive mechanical work for each condition. However, old and young 
adults differed significantly in which muscles they used to perform mechanical work (those 
acting across the ankle, knee, or hip) and in their relative timing (double vs. single support). 
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During double support, old adults performed 317% (level) and 119% (uphill) more 
trailing leg positive work than young adults using muscles acting across the hip (p=0.012) 
(Figure 6.6). However, this was not enough to compensate for the reduced contribution from 
muscles crossing the trailing leg knee and ankle joints. Thus, old adults performed 20% (level) 
and 16% (uphill) less total double support trailing leg positive joint work than young adults 
(p=0.051).  
Compared to that performed by the trailing leg during double support, substantially less 
total joint work was performed per step during the single support phase of level and uphill 
walking in both old and young adults (Figure 6.7). However, old adults performed two to three 
times more positive work than young adults during single support using muscles acting across 
the knee (O vs. Y; level: 0.08 ± 0.05 vs. 0.04 ± 0.04 J/kg ; uphill: 0.14 ± 0.08 vs. 0.05 ± 0.04 
J/kg, p=0.027). In contrast, old adults performed 75% (level) and 71% (uphill) less single 
support positive work per step than young adults using muscles acting across the hip (p<0.001). 
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Figure 6.7. Average trailing leg joint mechanical work per step performed during 
double support in old  (O) and young (Y) adults. Asterisks (*) indicate that old adults 
tended to perform less total trailing leg positive work than young adults (p=0.051). 
However, old adults performed more trailing leg positive work than young adults using 
muscles acting across the hip (p=0.012). 
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Figure 6.7. Average single support joint mechanical work performed per step in old (O) 
and young (Y) adults. The total joint work performed over a step during single support 
was not significantly different (n.s.) between old and young adults (p=0.593). However, 
old adults performed more single support positive work than young adults via muscles 
acting across the knee (p=0.027) and less via muscles acting across the hip (p<0.001).  
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6.6. Discussion 
In this study, we quantified the effects of advanced age on sagittal plane ankle, knee, and 
hip joint moments and powers during level and uphill walking. We found general agreement 
between our reported joint kinetics during uphill vs. level walking and previously published 
results for young adults (Lay et al. 2006, McIntosh et al. 2006, DeVita et al. 2007, Silder et al. 
2012). Consistent with our first hypothesis, old adults walked with less vigorous peak ankle joint 
kinetics and more vigorous peak hip joint kinetics than young adults, most evident during the late 
stance phase of both level and uphill conditions. In partial support of our second hypothesis, the 
age-related reduction in peak ankle joint moments was greater during uphill (0.41 Nm/kg) 
compared to level (0.30 Nm/kg) walking. The other age-related differences in peak joint 
moments and powers were nearly uniform between level and uphill walking. Our findings reveal 
potential muscular limitations, most notably at the ankle, that may restrict the uphill walking 
ability of old adults.  
 Young adults generate trailing leg ankle power during push-off to propel the body’s CoM 
forward and to initiate leg swing (Neptune et al. 2009). Here, we found that old adults generated 
significantly less ankle power and significantly more hip power than young adults immediately 
preceding toe-off during both level and uphill walking. Other authors (Judge et al. 1996, Cofre et 
al. 2011)  have suggested that old adults compensate for reduced ankle power generation by 
relying more on hip flexors muscles to generate power and initiate leg swing. While consistent 
with that interpretation, our findings indicate that the trailing leg propulsive deficits of old adults, 
largely due to reduced ankle power generation, persist despite their generating greater hip power 
than young adults during push-off. For example, old adults performed 16% less total positive 
trailing leg joint work than young adults during uphill walking. This difference is consistent with 
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our prior study (Franz and Kram In press (b)) in which we showed that old adults exert 21% 
smaller propulsive GRFs and perform 26% less CoM work with the trailing leg than young adults 
during uphill walking. Reduced ankle power generation during push-off may ultimately impair 
the walking ability of old adults, particularly at steeper uphill grades.  
Based on EMG data, we have previously proposed that old adults have a considerable 
and underutilized reserve for generating ankle power during level walking. (Franz and Kram In 
press (a)). In support of this idea, here we found that old adults were able to perform 44% more 
positive work via trailing leg muscles acting across the ankle during uphill vs. level walking. If 
old adults can increase trailing leg propulsive ankle function to walk uphill, why don’t they 
utilize this capacity during level walking? One possibility is that the greater hip flexor moments 
produced by old adults act to reduce the force exerted on the ground during mid- to late-stance 
and thus preclude their ankle extensors from generating as much joint power as young adults. 
Indeed, Siegel et al. (2004) found that during the late stance phase of level walking, hip flexor 
moments simultaneously act to oppose ankle extensor moments. Hip flexor moments during 
walking are produced in old and young adults in large part via passive structures resisting hip 
extension (e.g., ligaments) and the recruitment of hip flexor muscles (Kerrigan et al. 2000, Silder 
et al. 2008, Simonsen et al. In press). Thus, an age-related loss of hip flexibility and/or a greater 
recruitment of hip flexor muscles may restrict the ankle power generated by old adults during the 
push-off phase of level walking. 
The adverse effects of distal muscle weakness on trailing leg propulsion may be most 
clearly exposed at steeper uphill grades. Indeed, in contrast to young adults, old adults did not 
increase their peak ankle extensor moments to walk uphill. Consistent with this finding, old 
adults exhibit smaller increases in ankle extensor muscle activities than young adults during 
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uphill vs. level walking (Franz and Kram In press (a)). Distal muscle weakness may be one 
factor limiting the ankle extensor moments produced by old adults at steeper uphill grades. Such 
an effect could originate from a decrease in the force-generating capacity of the ankle extensor 
muscles (Macaluso et al. 2002) and/or from adverse changes in their contractile state (force-
length and force-velocity relationships) (Hasson et al. 2011) with advanced age.  
We previously found that old adults perform positive CoM work during single support at 
a faster rate than young adults, thereby compensating for overall leg trailing leg propulsive 
deficits (Franz and Kram In press (b)). Although the old adults in the present study performed 
the same total amount of single support leg joint work per step as young adults during uphill 
walking, they did so over a notably shorter time duration. Together with our prior study, this 
implies that old adults walk a given uphill distance by performing less trailing leg positive work 
and more single support positive work via leg muscles than young adults. Based on our EMG 
data alone (Franz and Kram In press (a)), we suspected that greater concentric actions of hip 
extensor muscles (e.g., gluteus maximus and hamstrings) in old vs. young adults would be 
responsible for the greater rate of positive work performed during single support.  Instead, we 
surprisingly found here that old adults perform 109% (level) and 165% (uphill) greater positive 
work than young adults during single support via their knee extensor muscles. Thus, in addition 
to the greater hip joint kinetics during push-off, old adults also compensate for reduced trailing 
leg propulsive ankle function via muscles acting across the knee (i.e., quadriceps) during single 
support. 
The greatest increases in joint kinetics during uphill vs. level walking occurred at the hip 
during the early stance and single support phases for both old and young adults. During these 
phases, peak hip extension moments and peak hip power generation did not differ between old 
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and young adults, which is consistent with several earlier studies of level walking (Judge et al. 
1996, Kerrigan et al. 2000, Cofre et al. 2011). However, because hip power generation ended 
earlier in the gait cycle for old adults, we found that they performed less hip joint positive work 
than young adults during single support (Figures 6.5, 6.7). In young adults walking uphill, single 
support hip joint positive work is performed largely by hip extensor muscles (Lay et al. 2006, 
McIntosh et al. 2006, Lay et al. 2007, Franz and Kram 2012) and we know that old adults 
approach the maximum EMG-based isometric capacity of their gluteus maximus (a hip extensor) 
at steep uphill grades. Thus, old adults may perform less hip joint positive work than young 
adults so as to operate within their maximum capabilities, particularly during uphill walking.  
 There are several limitations of this study. First, we had to replace the marker set at the 
start of each experimental session which occurred on separate days due to the lengthy process of 
changing treadmill grade. However, the same research assistant placed the markers for each 
subject and errors introduced by marker placement would not be systematic across group or 
condition. Second, our findings are limited to the exceptionally active and fit old adults that we 
recruited. We suspect that sedentary and/or frail old adults with more advanced sarcopenia and 
muscle weakness would have been unable to complete this study.  Finally, unlike previous 
studies (Judge et al. 1996, DeVita and Hortobagyi 2000, Kerrigan et al. 2000, Savelburg et al. 
2007, Silder et al. 2008, Cofre et al. 2011), we compared old and young adults walking on a 
treadmill at the same speed. Compared to overground walking, level treadmill walking in old 
adults is accompanied by modest, but statistically significant changes in hip joint kinetics, such 
as smaller hip extensor moments (Watt et al. 2010). It is unclear if the biomechanics of uphill 
walking on a treadmill differ substantially from those measured overground for old or young 
adults. 
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 In this study, we have shown that advanced age brings joint-level kinetic changes that 
may eventually restrict the uphill walking ability of old adults. Old adults exhibit impaired 
trailing leg propulsive function during uphill walking largely because they generate significantly 
less ankle power than young adults during push-off. Old adults compensate for reduced ankle 
power by: 1) generating greater hip power than young adults immediately preceding toe-off to 
initiate leg swing and 2) performing greater positive work during single support to walk a given 
distance via muscles acting across the knee (i.e., quadriceps). In our opinion, interventions to 
preserve and potentially improve the uphill walking ability of old adults should focus on the 
source of their walking impairments rather than the observed compensations. Thus, our findings 
indicate that maintaining ankle power generation and trailing leg propulsive function with age 
should be the primary focus of “prehabilitation” strategies for old adults. 
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CHAPTER SEVEN: 
 
SUMMARY 
 
At the onset of my dissertation research, no published study had investigated the 
muscular actions or biomechanics of uphill and downhill walking in old adults. Indeed, very little 
was known about uphill and downhill walking, even in young adults. Through a series of five 
experiments/analyses, I gained a more comprehensive understanding of the muscular actions and 
biomechanics of uphill and downhill walking in young adults and investigated the factors that 
underlie the deterioration of uphill and downhill walking ability with advanced age. Together, 
these studies have identified specific targets for biomechanical interventions that might improve 
the uphill and downhill walking ability of old adults and thus enhance their quality of life. 
7.1 Chapter Two 
In my first study, I sought to more comprehensively evaluate the muscle recruitment strategies 
employed by young adults to walk uphill and downhill. I found that, compared to level walking, 
hip, knee, and ankle extensor muscle activities increase to walk uphill, but only knee extensor 
muscle activities increase to walk downhill. These changes in muscle activity with grade become 
greater at faster walking speeds. However, the contribution of individual leg muscles to 
generating force and/or performing mechanical work to raise and lower the body’s CoM during 
uphill and downhill walking are difficult to resolve. There is an obvious and valuable 
opportunity to use musculoskeletal modeling and simulation techniques to help elucidate the 
individual leg muscle contributions to walking uphill and downhill. I plan to pursue these skills 
during my post-doctoral training. 
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7.2 Chapter Three 
In my second study, I investigated how advanced age affects leg muscle activity and antagonist 
coactivity during uphill and downhill walking. Prior evidence had shown that advanced age 
brings changes in the recruitment of leg muscles during level walking (e.g.,(Hortobagyi et al. 
2009, Schmitz et al. 2009)), which may be exacerbated during uphill and/or downhill walking. I 
found that old adults exhibit smaller increases in gastrocnemius (ankle extensor) activity with 
steeper uphill grade than young adults and that gluteus maximus (a hip extensor) activity 
approaches the maximum EMG-based isometric capacity of old adults at steep uphill grades. 
While old adults did exhibit greater antagonist lower leg muscle coactivation, this age-related 
difference was nearly uniform across grades. These findings suggest that a disproportionate 
recruitment of hip muscles with advanced age has critical implications for maintaining 
independent mobility in old adults, particularly at steeper uphill grades. 
7.3 Chapter Four 
In my third study, I quantified for the first time the mechanical work performed by the 
individual legs of young adults walking uphill and downhill. During level walking, the leading 
and trailing legs simultaneously and almost exclusively perform negative and positive work 
during double support (Donelan et al. 2002). I expected that the dominant and distinct functions 
of the leading and trailing legs (braking and propulsion, respectively) would remain the same 
when walking uphill and downhill. Thus, I hypothesized that young adults would reduce the 
leading leg negative work and increase the trailing leg positive work to walk uphill, and that they 
would reduce the trailing leg positive work and increase the leading leg negative work to walk 
downhill. However, in surprising contrast to level walking and akin to a 4-wheel drive 
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automobile, I found that during double support: 1) the leading leg performs substantial positive 
work during uphill walking, assisting the trailing leg with raising the CoM with each step and 2) 
the trailing leg performs substantial negative work during downhill walking, assisting the leading 
leg with lowering the CoM with each step. These findings renewed our understanding of how the 
individual legs of young adults function to walk uphill and downhill.  
7.4 Chapter Five 
The next logical step was to determine if advanced age negatively affects the individual 
leg mechanics of uphill and downhill walking. In my fourth study (Chapter Five), I compared the 
mechanical work performed by the individual legs of old and young adults during level, uphill, 
and downhill walking. Before undertaking this study, I suspected that leg muscle weakness, a 
disproportionate recruitment of hip muscles, and reduced trailing leg propulsive function would 
combine to limit the uphill and/or downhill walking ability of old adults. Indeed, I found that old 
adults exhibit significantly reduced trailing leg propulsive ground reaction forces and positive 
work rates compared to young adults during both level and uphill walking. Old adults walk 
downhill with reduced second peak perpendicular ground reaction forces than young adults, 
which may reflect an underlying muscle impairment. My findings most notably identified how 
advanced age adversely affects the individual leg mechanics of uphill walking, which may 
impair the uphill walking ability of old adults. 
7.5 Chapter Six 
Finally, in my fifth study, I sought to provide specific insight into the muscular 
impairments limiting the uphill walking ability of old adults. I used motion analysis techniques 
and an inverse dynamics analysis to quantify the anatomical sagittal plane ankle, knee, and hip 
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joint moments and powers of old and young adults during level and uphill walking Old adults 
exhibit impaired trailing leg propulsive function during uphill walking largely because they 
generate significantly less ankle power than young adults during push-off. Old adults 
compensate for reduced ankle power by: 1) generating greater hip power than young adults 
immediately preceding toe-off to initiate leg swing and 2) performing greater positive work 
during single support to walk a given distance via muscles acting across the knee. These findings 
may help explain biomechanically why many people can walk over level ground into very old 
age, but why uphill walking can be exceedingly challenging for community-dwelling old adults.   
  
In conclusion, my dissertation has revealed that advanced age brings changes to the 
muscular actions and biomechanics of walking which may contribute to a deterioration of uphill 
and downhill walking ability with advanced age. This is remarkable considering the 
exceptionally active and fit old adults that participated in each experiment. Some might consider 
the recruitment of active and healthy old adults to participate in each experiment as a limitation. 
To the contrary, I selected these subjects by design to better investigate the effects of age per se. 
The adverse effects of advanced age on the muscular actions and biomechanics of uphill and 
downhill walking are very likely exacerbated in more sedentary and/or frail old adults. 
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Appendix A 
  
The effects of age on step width and step width variability 
 
Step width and step width variability have been used as metrics to assess the maintenance 
of balance during walking (Donelan et al. 2004, Ortega et al. 2008). I suspected that, compared 
to young adults, old adults would 1) adopt wider steps and 2) exhibit greater step width 
variability at all grades. I also suspected that these age differences would be greatest during 
downhill walking, suggesting more compromised balance in old adults walking downhill. In an 
exploratory analysis, I calculated step width over 10 consecutive steps using the positions of 
retroreflective markers placed bilaterally on each subject’s posterior calcaneus. I defined step 
width as the lateral distance between right and left calcaneus markers during successive instants 
of initial contact. I calculated step width variability as the standard deviation about the average 
step width (Ortega et al. 2008). As suspected, old adults generally exhibited greater step width 
variability than young adults, but this was only significant during level walking and at -6° 
(p<0.01) (Figure B1). However, I found no effect of age on step width and no systematic effect 
of grade on step width or step width variability.  
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Figure A.1. Step width and step width variability in old and young adults. Asterisks (*) 
indicate statistically significant difference between old and young adults (p<0.05). 
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Appendix B 
 
Plantar sensation as a metric for sensory feedback in old and young adults 
 
 The Semmes Weinstein monofilament test is clinically used to assess neuropathy (Shaffer 
et al. 2005), most commonly in people with diabetes. I used the monofilament test to evaluate the 
quality of sensory feedback information arising from the plantar surface of the foot in old and 
young adults. I suspected that old adults would exhibit a decline in the quality of sensory 
feedback information, as evidenced by a greater minimum perceivable monofilament thickness 
compared to young adults. I used a standard monofilament protocol that assessed sensation at 
four locations on the plantar surface of the foot: big-toe, first metatarsal, third metatarsal, fifth 
metatarsal. I then calculated the categorical average of these four locations to score each subject. 
Finally, I statistically evaluated the categorical averages using cross tabulation and a Pearson’s 
chi-square test with a p<0.05 criterion. I found no statistically significant effect of age on plantar 
sensory feedback (p=0.18). However, compared to zero young adults, four old adult subjects 
scored a minimum monofilament thickness of 4.56 mm or greater (Table B.1). These greater 
minimum monofilament thicknesses in old but not young adults suggest a decline in sensory 
feedback with advanced age.  
Table B.1. Semmes Weinstein monofilament cross tabulation 
                Minimum Monofilament Thickness (mm)   
  3.61 4.31 4.56 6.65 Total (n) 
Young (n) 1 7 0 0 8 
Old (n) 0 6 3 1 10 
Total (n) 1 13 3 1 18 
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